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Abstract 
In the western margin of the Yangtze Block, SW China, the Emeishan large 
igneous province (ELIP) is spatially associated with >400 carbonate-hosted 
epigenetic Pb-Zn deposits. These deposits form the giant Upper Yangtze Pb-Zn 
metallogenic province with >20 Mt base metals. In the southeastern part of this 
province, the important Pb-Zn deposits include those of the Yinchangpo, 
Yunluhe, Maozhachang, Tianqiao, Banbanqiao, Mangdong, Shaojiwan, 
Liangyan, Qingshan, Shanshulin, Nayongzhi and Guanziyao deposits. Sulfide 
ore bodies in these deposits are (i) hosted in late Ediacaran to middle Permian 
limestone, dolomitic limestone and dolostone; (ii) structurally controlled by 
reverse fault-anticline tectonic systems; and (iii) spatially associated with the 
ELIP flood basalts and mafic dikes, and early Permian, early Carboniferous and 
early Cambrian organic matter-rich black shales. C-O isotopic compositions 
suggest that dolostone and limestone, mantle-derived rocks of the ELIP, and 
sedimentary organic matters supplied C-O to the hydrothermal systems 
through water/rock (W/R) interaction. New and existing S isotopic compositions 
of sulfides imply multiple sources of S and the reduction of sulfate through both 
abiotic thermochemical (TSR) and bacterially mediated (BSR) processes. Zn 
isotopes indicate that the sources of Zn were most likely related to the ELIP with 
various contributions from sediments and basements locally. Pb isotope 
signatures are suggestive of derivation of Pb from basements and sedimentary 
rocks with variable influences from the ELIP. Sr isotopes support that 
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mantle-derived rocks, sediments and basements were involved in Pb-Zn 
mineralization, and they have various contributions in different deposits. We 
consider that the Pb-Zn deposits in the Upper Yangtze province are the mixed 
products of multiple S species-bearing solutions and metal-rich fluids, both of 
which were derived from, flowed through or interacted with multiple 
lithostratigraphic units in the western Yangtze Block. The change of tectonic 
regimes from extension to compression after eruption of basalts of the ELIP, 
and then to extension during Early Mesozoic, facilitated extraction, migration, 
and excretion of ore-forming metals and associated fluids. Mixing of fluids and 
reduction geochemical barrier activated TSR, causing cyclical carbonate 
dissolution, CO2 degassing and recrystallization (namely carbonate buffer). All 
these processes triggered continuous precipitation of huge amounts of 
hydrothermal minerals. Underplating and eruption of ELIP basalts provided 
heat flow, fluids and volatiles, whereas the basalts acted as an impermeable 
and protective layer, and even as ore-hosting rocks. These Pb-Zn deposits 
have spatial and genetic association with igneous activities of the ELIP, and are 
characterized by high ore grades (>10 wt. % Pb + Zn), high concentrations of 
associated metals (e.g. Cu, Ag, Ge, and Cd), and medium-low temperatures 
(usually <300 °C) and salinities (commonly <20 wt. % NaCl equiv.), all of which 
are significantly different from those of typical Mississippi Valley-type (MVT) 
deposits. Hence, the carbonate-hosted epigenetic Pb-Zn deposits in the Upper 
Yangtze metallogenic province representing to a new type of Pb-Zn deposits 
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that are hosted in platform carbonate sequences and formed within 
compressional zones of passive margin tectonic settings. 
 
Keywords: NanoSIMS in situ S isotopes; fs LA-MC-ICPMS in situ Pb isotopes; 
Bulk C-O-S-Zn and Pb-Sr isotopes; The Upper Yangtze Pb-Zn metallogenic 
province, South China 
 
1. Introduction 
Sediment-hosted Pb-Zn deposits, generally absent of temporal or spatial 
association with igneous activities, contain the greatest Pb and Zn resources in 
the world, and dominate the worldwide production of these base metals (Leach 
et al., 2005; Taylor et al., 2009; Zhang et al., 2015a). Carbonate-hosted Pb-Zn 
deposits (traditionally named as Mississippi Valley-type, MVT), an important 
type of sediment-hosted Pb-Zn deposits (another vital type is clastic-dominated 
Pb-Zn deposits, known as sedimentary exhalative, SEDEX), mainly occur in 
platform carbonate sequences and are typically formed within extensional 
zones inboard of orogenic belts at passive margin tectonic settings (Bradley 
and Leach, 2003; Groves and Bierlein, 2007; Leach et al., 2010). The 
carbonate-hosted epigenetic Pb-Zn sulfide deposits are distributed in almost all 
of the countries in the world (Fig. 1a). The most famous ore districts or deposits 
(Fig. 1a) include the Pine Point in Canada (Powell and Macqueen, 1984), 
Upper Mississippi Valley in the United States (Leach and Rowan, 1986; 
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Brannon et al., 1992), Irish Midlands in Ireland (Wilkinson et al., 2005), Upper 
Silesia in Poland (Heijlen et al., 2003), Lennard Shelf in Australia (Tompkins et 
al., 1994) and the Upper Yangtze in China (Zaw et al., 2007; Zhou et al., 2013a, 
2018a; Wang et al., 2014; Zhang et al., 2015b). Although extensive research 
has contributed greatly to the understanding of ore genesis, however, as the 
carbonate-hosted Pb-Zn deposits are the products of various ore-forming 
processes in a variety of geological and tectonic settings (Wilkinson et al., 2009; 
Zhou et al., 2014a, 2018b; Davidheiser-Kroll et al., 2014; Marsh et al., 2016), 
their mineralization is complex and the ore formation processes are still 
unclear. 
Carbonate-hosted Pb-Zn deposits are abundant in China (Fig. 1b), which 
are primary sources of Pb and Zn, and significant sources of Ag and Ge (Huang 
et al., 2004; Wang et al., 2014; Zhang et al., 2015a). Such type of Pb-Zn 
deposits mainly occurs in South China and are commonly distributed in clusters 
(Fig. 1b). For example, in the western Yangtze Block (Fig. 2a), >400 Pb-Zn 
deposits have been discovered within the triangular domain (~0.2×106 km2) of 
SW Sichuan, NE Yunnan and NW Guizhou provinces (Fig. 2b) (Zheng and 
Wang, 1991; Liu and Lin, 1999; Huang et al., 2010; Zhou et al., 2013b, 2018b), 
which constitute the giant Upper Yangtze Pb-Zn metallogenic province (Zhou et 
al., 2014b). The Upper Yangtze metallogenic province contains >2000 Mt 
reserves of sulfide ore, grading 10-35 wt. % Pb + Zn (Zhou et al., 2013c), which 
accounts for 27% of the total Pb + Zn resources in China (Zhang et al., 2015b). 
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The triangular domain of the Upper Yangtze province is structurally bounded by 
the NE-trending Mile-Shizong-Anshun (MSA), NW-trending 
Kangding-Yiliang-Ziyun (KYZ) and NS-trending Anninghe-Lvzhijiang (AL) faults 
(Fig. 2a). In the Upper Yangtze metallogenic province, the Pb-Zn deposits are 
characterized by (i) sulfide ore bodies stratigraphically occur in the Proterozoic 
Kunyang Group to middle Permian Qixia-Maokou Formation and are spatially 
related to mantle-derived rocks of the Emeishan large igneous province (ELIP) 
(Figs. 2b and 3); (ii) sulfide ore bodies occur as stratiform, lentiform or 
scrotiform shape within fold bedding-planes or steeply-dipping veins along fault 
dip planes (Zheng and Wang, 1991; Zhou et al., 2001, 2013d; Wu et al., 2013; 
Wei et al., 2015; Li et al., 2015; Zhu et al., 2016a; Bao et al., 2017; Tan et al., 
2017); (iii) sulfide ores have high grade, averaging >10 wt. % Pb + Zn, with 
abundant Ag, Cu, Cd, Ge and Ga (Ye et al., 2011; Zhou et al., 2011, 2018b; Zhu 
et al., 2017); and (iv) sulfide ores are precipitated from the mantle/metamorphic 
fluids of medium-low temperatures (<300 °C) and salinities (<20 wt. % NaCl 
equiv.) (Huang et al., 2004; Jin, 2008; Bai et al., 2013; Zhou et al., 2013e, Li et 
al., 2016; Zhang et al., 2015b; Zhu et al., 2016b). 
The origin of these Pb-Zn deposits in the Upper Yangtze metallogenic 
province has been dealt with in literature (e.g. Zhou et al., 2013a; Li et al., 2015; 
Zhu et al., 2016a; Liu et al., 2017; Kong et al., 2017). However, most of these 
studies only focused on individual deposits and concerned with ore deposit 
geology, trace elements, isotopes, geochronology or fluid inclusions. Thus, the 
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regional mineralization and ore formation processes are still lacking (Zhou et al., 
2018b), which limits the overall understanding of such type of Pb-Zn sulfide 
deposits and regional exploration. Sulfide ores in Pb-Zn deposits mainly consist 
of base metal sulfide minerals (e.g. pyrite, sphalerite, galena and chalcopyrite) 
and hydrothermal carbonate minerals (such as dolomite and calcite). Hence, 
the element and isotope geochemistry of these mineralizing elements (e.g. C, 
O, S, Fe, Cu, Zn and Pb) themselves can directly reveal their sources and the 
migration paths or evolutions of associated fluids. For example, C-O, S, Zn and 
Pb, and also Sr isotopes have been wildly used to trace the sources of 
ore-forming elements and associated fluids, and to reflect the environments of 
ore formation and the causes of hydrothermal mineral precipitation (e.g. Rye 
and Sawkins, 1974; Changkakoti et al., 1988; Zheng and Wang, 1991; Kamona 
et al., 1999; Zhou et al., 2001; Heijlen et al., 2003; Wilkinson et al., 2005; Kelley 
et al., 2009; Zhou et al., 2010, 2016a; He et al., 2016). Furthermore, 
laser-ablation multi-collector inductively coupled plasma mass spectroscopy 
(LA-MC-ICPMS) and secondary ion mass spectroscopy (SIMS) can accurately 
analyze isotopic compositions of hydrothermal minerals in situ and have been 
widely used in the research of ore genesis (e.g. Ikehata et al., 2008; Barker et 
al., 2009; Nishizawa et al., 2010; Zhang et al., 2014a; Yuan et al., 2015; Bao et 
al., 2016, 2017; Zhou et al., 2018a). Here we use two newly-discovered Pb-Zn 
deposits, the Maozhachang and Liangyan deposits in the NW Guizhou district, 
southeastern part of the Upper Yangtze metallogenic province, as a case study, 
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utilizing NanoSIMS in situ S and femtosecond (fs) LA-MC-ICPMS in situ Pb 
isotopic data, together with previously reported bulk data of stable (C-O-S-Zn) 
and radiogenic (Pb-Sr) isotopes, and detailed field data of twelve typical Pb-Zn 
deposits, including the Yinchangpo, Yunluhe, Maozhachang, Tianqiao, 
Banbanqiao, Mangdong, Shaojiwan, Liangyan, Qingshan, Shanshulin, 
Nayongzhi and Guanziyao deposits, aimed at revealing the regional 
mineralization and metallogenic processes of the Pb-Zn deposits in the Upper 
Yangtze metallogenic province, SW China. The outcomes will have wide 
significance for understanding of the formation of carbonate-hosted epigenetic 
Pb-Zn deposits and are useful for ore prospecting in the Upper Yangtze Pb-Zn 
metallogenic province. 
 
2. Geological setting 
2.1 General geology of the western Yangtze Block 
South China Block is composed of Yangtze and Cathysia blocks, of which 
the Yangtze Block is tectonically bounded by the Sanjiang Orogenic Belt to the 
SW, Songpan-Ganzê Orogenic Belt to the NW, Qinling-Dabie Orogenic Belt to 
the north and Cathysia Block to the south (Fig. 2a). The Yangtze Block consists 
of Paleoproterozoic to early Neoproterozoic basement complexes and late 
Neoproterozoic to Cenozoic cover sequences (Yan et al., 2003; Sun et al., 2008; 
Hu et al., 2017a, 2017b), of which the former comprises metamorphic rocks 
(e.g. gneiss, mica schist, amphibolite, marble and quartzite) that were intruded 
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by late Neoproterozoic and Mesozoic igneous rocks (Fig. 2b) (Gao et al., 2011; 
Zhou et al., 2014c), and the latter is made up of sedimentary and volcanic rocks 
(Figs. 3-4; Liu and Lin, 1999; Huang et al., 2004; Jin, 2008). The sedimentary 
cover sequences consist of late Neoproterozoic (Ediacaran) to early Mesozoic 
(Triassic) marine and late Mesozoic (Jurassic) to Cenozoic (Quaternary) 
continental sedimentary rocks, namely carbonate and clastic rocks, as well as 
other sediments (Figs. 3-4) (Liu and Lin, 1999; Zhou et al., 2013a; Hu et al., 
2017a, 2017b). The volcanic rocks are late Permian continental flood basalts of 
the ELIP (Fig. 2b) (Zhou et al., 2002). The platform carbonate sequences 
constitute a key part of Ediacaran to Triassic marine strata, and are rich in 
evaporites and organic matters, as well as contain numerous Pb-Zn sulfide 
deposits and Au deposits (Huang et al., 2004; Jin, 2008; Cheng et al., 2015a; 
Zhou et al., 2014a, 2018a, 2018b). Tectonics that strictly control sedimentation, 
magmatism and mineralization in the western Yangtze Block are characterized 
by multi-stage activities (Hercynian, Indosinian, Yanshanian, and Himalayan 
orogenic events) (Figs. 2-3). 
A significant feature of the western Yangtze Block is the occurrence of the 
late Permian ELIP (~260 Ma), which covers ~7×105 km2 of the western Yangtze 
Block (Fig. 2b) and eastern Songpan-Ganzê Orogenic Belt, with displaced 
correlative units in northern Vietnam (Song Da zone) (Zhou et al., 2002; Xu et 
al., 2007; Shellnutt, 2014; Zhong et al., 2014; Li et al., 2017; Liu et al., 2017). 
Many economically important Fe-Ti-V oxide deposits, Ni-Cu-(PGE) sulfide 
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deposits, native Cu deposits, Pb-Zn deposits (Fig. 2b) and Carlin-type Au 
deposits occur within the ELIP (Liu and Lin, 1999; Zhou et al., 2002, 2018b; Ali 
et al., 2005; Zhu et al., 2007; Jian et al., 2009; Chen et al., 2015a; Zhang et al., 
2015b; Tran et al., 2016; Hu et al., 2017a; Wang et al., 2017). Emeishan 
continental flood basalts constitute an important part of the ELIP, and are up to 
~5 km maximum thickness in Yunnan part, whereas the maximum thickness is 
only a few hundred meters in Guizhou part (Xu et al., 2001; Pirajno, 2013; 
Shellnutt, 2014). The basalts are also the host rocks of native Cu deposits and 
a few Pb-Zn deposits (Liu and Lin, 1999; Zhu et al., 2007). After eruption of 
Emeishan basalts, the Indosinian Orogeny (257-200 Ma) resulted from the 
closure of Paleo-Tethys Ocean (Carter et al., 2001; Lepvrier et al., 2004; 
Enkelmann et al., 2007; Reid et al., 2007; Pullen et al., 2008; Qiu et al., 2016), 
causing the formation of fault-fold tectonic systems that structurally controlled 
the occurrence of hydrothermal deposits (such as native Cu, Pb-Zn and Au) in 
the western Yangtze Block (Fig. 2b) (Zaw et al., 2007; Zhu et al., 2007; Zhou et 
al., 2013a, 2018a; Wang et al., 2014; Chen et al., 2015a; Zhang et al., 2015b; 
Hu et al., 2017b). 
In the western Yangtze Block, the Upper Yangtze Pb-Zn metallogenic 
province covers ~0.2×106 km2 of SW Sichuan, NE Yunnan and NW Guizhou 
provinces, and hosts 408 carbonate-hosted Pb-Zn deposits in late 
Mesoproterozoic (Kunyang Group) to late Paleozoic (middle Permian 
Qixia-Maokou/Yangxin Formation) that spatially associated with late Permian 
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Emeishan basalts (Fig. 2b) (Liu and Lin, 1999; Xu et al., 2014; Zhou et al., 
2014a, 2018b; Wang et al., 2014; Zhang et al., 2015b; Hu et al., 2017a). Timing 
of these Pb-Zn deposits in the Upper Yangtze metallogenic province was 
constrained between 245 Ma and 192±7 Ma (including two peaked ages of 
245-220 Ma and 215-190 Ma) according to Pb model ages, and isochron ages 
of calcite/fluorite Sm-Nd and sphalerite/pyrite Rb-Sr isotope systems (Guan 
and Li, 1999; Li et al., 2007; Lin et al., 2010; Mao et al., 2012; Zhou et al., 2013a, 
2013e, 2015; Zhang et al., 2015b; Hu et al., 2017b). 
2.2 Geology of the NW Guizhou district 
The NW Guizhou district is located in the southeastern part of the Upper 
Yangtze Pb-Zn metallogenic province (Fig. 2b). In this district, the Proterozoic 
basement metamorphic rocks are not exposed, the cover sequences comprise 
late Ediacaran-Triassic marine and Jurassic-Quaternary continental 
carbonates and clastic rocks (and other sediments), as well as late Permian 
volcanic rocks (Emeishan basalts) (Figs. 3-4) (Jin, 2008; Zhou et al., 2013a). 
The late Ediacaran Dengying Formation is mainly composed of dolostone, 
which is conformably overlain by early Cambrian Qiongzhusi, Niutitang, 
Jindingshan and Qingxudong Formations that mainly consist of shale and 
carbonate rocks. Early Cambrian sedimentary rocks are conformably overlain 
by marl and carbonate rocks of middle Cambrian Douposi Formation and late 
Cambrian Loushanguan Formation. Sedimentary rocks of the Loushanguan 
Formation are unconformably overlain by Ordovician-Silurian shale and 
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sandstone, which are in turn unconformably overlain by early Devonian Danlin 
Formation sandstone. Sandstone of the Danlin Formation is conformably 
overlain by siltstone, sandstone, shale and carbonate rocks of middle Devonian 
Shujiaping, and Longdongshui, Bangzai and Dahekou Formations, which are 
conformably overlain by late Devonian Dushan, Wangchengpo, Yaoshuo and 
Rongxian Formations that mainly consists of shale and carbonate rocks. 
Sedimentary rocks of late Devonian are conformably overlain by shale and 
carbonate rocks of early Carboniferous Xiangbai, Jiusi, Shangsi and Baizuo 
Formations, which are in turn conformably overlain by late Carboniferous 
Huanglong and Maping Formations that are mainly made up of carbonate rocks. 
Late Carboniferous carbonate rocks are conformably overlain by early Permian 
Liangshan Formation sandstone, shale and siltstone, which are conformably 
overlain by middle Permian Qixia-Maokou (Yangxin) Formation that is mainly 
composed of carbonate rocks. Carbonate rocks of the Qixia-Maokou Formation 
are disconformably overlain by late Permian Emeishan and Longtan 
Formations that mainly consist of basalts and coal-bearing clastic rocks, 
respectively, of which the latter is conformably overlain by early Triassic Daye, 
Feixianguan and Yongzhenning Formations that are mainly made up of 
sandstone, shale, claystone and carbonate rocks. Sedimentary rocks of early 
Triassic are conformably overlain by middle Triassic Guanling Formation that 
mainly consists of shale, marl, sandstone and carbonate rocks, which are 
unconformably overlain by Jurassic strata that mainly comprise sandstone, 
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marlstone and mudstone. Cretaceous-Quaternary sediments sparsely 
unconformable overlie on Cambrian-Triassic sedimentary and volcanic rocks 
(Figs. 3-4). 
Faults and folds in the NW Guizhou district are well developed, which can 
be divided into NNE-, NE-, NEE and NW-trending groups that mainly include 
the NNE-trending Yinchangpo-Yunluhe, NEE-trending 
Maozhachang-Banbanqiao, NW-trending Tianqiao-Liangyan and 
Qingshan-Shanshulin, and NE-trending Dayuan, Nayongzhi and Guanziyao 
fault-fold tectonic systems (Jin, 2008, 2016a, 2016b; Zhou et al., 2013a, 2014b, 
2018a; Chen et al., 2015b, 2017; Liu et al., 2017; Zeng et al., 2017). Among 
these tectonic systems, the NW-trending Tianqiao-Liangyan and 
Qingshan-Shanshulin are attached to the regional Kangding-Yiliang-Ziyun 
deep fault (KYZ in Fig. 2a), which strictly controlled sedimentation, magmatism 
and mineralization in the NW Guizhou district (Fig. 3) (Jin, 2008). Most tectonic 
systems are mainly composed of a series of high angle reverse faults and 
Jura-type folds, of which reverse faults and anticlines jointly controlled the 
occurrence of Pb-Zn sulfide ore (Figs. 5, 7, 9 and 11) (Jin, 2008, 2016b; Zhou et 
al., 2013b, 2014a; Liu et al., 2017). For example, the NNE-trending 
Yinchangpo-Yunluhe tectonic belt is also a Pb-Zn mineralization zone, in which 
typical deposits are the Yinchangpo and Yunluhe Pb-Zn deposits (Fig. 3). 
The Emeishan flood basalts and mafic dikes (diabase) related to the ELIP 
occur in the NW Guizhou district and are spatially associated with Pb-Zn 
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deposits (Fig. 3). More than 100 Pb-Zn deposits have been found in this district, 
most of which are hosted by carbonate rocks of early Cambrian Qingxudong 
Formation and Carboniferous (Fig. 4). Among these Pb-Zn deposits, the 
Nayongzhi is the largest one, which contains total Pb + Zn metal reverses more 
than 1.5 Mt (Jin et al., 2016b; Zhou et al., 2018a). The general features of these 
Pb-Zn deposits are summarized in Table 1. The following sections are focused 
on the geology of several chosen Pb-Zn deposits. 
 
3. Geology of typical Pb-Zn ore deposits 
3.1 Maozhachang 
The newly-discovered Maozhachang Pb-Zn deposit is located in the 
central part of the NW Guizhou district (Fig. 3). In the Maozhachang mining 
area, the exposed strata are Carboniferous, including early Carboniferous Jiusi, 
Shangsi and Baizuo Formations, and late Carboniferous Huanglong Formation 
(Fig. 5a) (Jin, 2008). The Jiusi Formation that mainly consists of shale and 
limestone is conformably overlain by the Shangsi Formation that comprises 
dolomitic limestone and limestone, which is in turn conformably overlain by the 
Baizuo Formation that is mainly composed of dolomitic limestone and 
dolostone. The Huanglong Formation is mainly made up of limestone and 
dolostone, which conformably overlays on carbonate rocks of the Baizuo 
Formation (Figs. 4-5). In addition, clay layers of Quaternary sparsely distributed 
on Carboniferous rocks (Fig. 5b). 
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Structures in the Maozhachang ore district mainly include the NS-, NE- 
and NW-trending faults and the SE-dipping monoclinal structure (Fig. 5a). The 
F1 is a high angle reverse fault and trends to the NE (Fig. 5a), which belongs to 
the NEE-trending Maozhachang-Banbanqiao fault (Fig. 3). Other important 
structures, such as the F6 and F33 are NS-trending normal faults, and the F11 is 
a NE-trending normal fault. Among these faults, the F1 reverse fault and the 
NS-trending normal faults are the main ore-controlling structures (Jin, 2008). 
The Maozhachang Pb-Zn deposit is famous for its oxidized and placer ores (Jin, 
2008), of which the former is hosted by Carboniferous carbonate rocks (Fig. 5b) 
and the latter is hosted by clay layers of Quaternary. Placer ore is in planar 
distribution, whereas oxidized ore occurs as scrotiform or lentiform shape, both 
of which have earthy, crusty, aciniform and faviform structures (Jin, 2008). No. I 
oxidized ore body trends N32°-55°E and dips S60°-75°E, and No. II oxidized 
ore body trends N65°E, dipping S62°E. Oxidized and placer ores mainly consist 
of smithsonite, cerusite, and limonite, with rare anglesite and hemimorphite. No. 
I oxidized ore body contains average grades of Pb 0.77 wt. % and Zn 6.27 wt. %, 
and No. II oxidized ore body has mean grades of Pb 0.83 wt. % and Zn 9.18 
wt. %. The total Pb + Zn metal reverses of oxidized and placer ores are more 
than 0.25 Mt (Jin, 2008). 
Recently, sulfide ore has been discovered in the deep part of the 
Maozhachang ore district, which occurs in stratiform or lentiform shape (Fig. 
6a-c) and consists mainly of sphalerite, galena and pyrite as ore minerals, and 
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dolomite and calcite (with rare barite) as gangue minerals (Fig. 6a-i). Sulfide 
minerals form massive, banded, veined and disseminated structures (Fig. 6a-f), 
with granular, eutectic, and stress deformation textures (Fig. 6g-i). Sulfide ore 
has mean grades of 0.63-1.23 wt. % Pb and 11.69-12.71 wt. % Zn. Ore 
formation in this deposit has experienced hydrothermal and supergene 
processes, of which the former can be divided into sulfide + carbonate and 
carbonate ± barite phases. Wall rock alteration in the Maozhachang ore district 
is not complex and mainly includes dolomization, calcilization, Fe/Mn 
carbonatization and baratization (Table 1). 
3.2 Tianqiao 
The Tianqiao Pb-Zn deposit is located NE near to the Maozhachang 
deposit (Fig. 3). Geology of the Tianqiao deposit has been described in detail 
by Zhou et al. (2013a, 2014a), hence only a brief account of local geology is 
given here. In the Tianqiao mining area, the exposed strata are middle 
Devonian Bangzai, late Devonian Dushan and Rongxian, early Carboniferous 
Shangsi and Baizuo, late Carboniferous Huanglong and Maping, early Permian 
Liangshan and middle Permian Qixia-Maokou Formations (Fig. 7a). The 
Bangzai Formation that mainly consists of siltstone and quartz sandstone is 
conformably overlain by the Dushan Formation that mainly comprises 
dolostone, dolomitic limestone and claystone, which is in turn conformably 
overlain by limestone and dolostone of the Rongxian Formation. Carbonate 
rocks of the Rongxian Formation are unconformably overlain by the Shangsi 
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Formation, which is conformably overlain by the Baizuo Formation. The Baizuo 
Formation is conformably overlain by the Huanglong Formation, which is in turn 
conformably overlain by the Maping Formation that mainly consists of 
limestone and dolostone. The lithologies of the Shangsi, Baizuo and 
Huanglong Formations are similar to those in the Maozhachang mining area, 
and the lithologies and sequence stratigraphic relationships of the Maping, 
Liangshan and Qixia-Maokou Formations please refer the specification above 
(section 2.2; Fig. 4). 
The Devonian, Carboniferous and Permian rocks form the Tianqiao 
anticline, whose axial plane strikes N45°-60°W, and two limbs dip NE and SW 
with dipping angles of 30°-45° (Fig. 7a). The Devonian rocks form the core of 
the Tianqiao anticline, and two limbs comprise Carboniferous and Permian 
rocks (Fig. 7a). Being the largest fault in the mining area, the F37 reverse fault is 
14 km long with a 1-6 m wide shear zone and crosscuts the Tianqiao anticline 
(Fig. 7a-b). It strikes N50-90°E and dips 50°-70° to the NE. The tectonic 
relationship between the Tianqiao anticline and the F37 reverse fault was 
considered to be synchronous (Zhou et al., 2013a). 
Thirty-two ore bodies, hosted by carbonate rocks of the Baizuo and 
Huanglong Formations, and occurred as stratiform or lentiform shape within 
two limbs of the Tianqiao anticline, forming Shazidi and Yingpanshang sulfide 
ore sections (Fig. 7a-b). Another Haozidong oxidized ore section, is located 
within the southwestern limb of the Tianqiao anticline (Fig. 7a). The largest ore 
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body in the Shazidi section is 320 m long, 220 m wide and 1.7-5.2 m thick, with 
grades of 0.04-7.32 wt. % Pb and 0.49-26.7 wt. % Zn. The largest ore body in 
the Yingpanshang section is 200 m long, 100 m wide and 1.3-1.8 m thick. Ore in 
this body has average grades of 1.23 wt. % Pb and 15.69 wt. % Zn. 
Sulfide ore is mainly composed of sphalerite, galena and pyrite, with 
calcite and dolomite as gangue minerals (Fig. 8a-d, g-h). In addition, a small 
amount of chalcopyrite, quartz, barite, fluorite and clay minerals are also 
present (Zhou et al., 2013a, 2014a). These minerals form massive (Fig. 8a-c), 
disseminated or banded ore structure, with granular, filled, enclosed, 
replacement, eutectic, and stress deformation textures (Fig. 8d-e, g) (Zhou et 
al., 2013a, 2014a). Sulfide minerals formed in sulfide + carbonate ± quartz ± 
fluorite hydrothermal phase. There are three generations of sphalerite have 
been recognized according to their different crystal habits and colors (Fig. 8f, i-j), 
as well as mineral assemblages (Zhou et al., 2013a, 2014a). Wall rock 
alteration in the Tianqiao mining area is relatively complex, including mainly 
dolomization, calcilization, Fe/Mn carbonatization, baratization, silicification 
and fluoritization (Table 1) (Zhou et al., 2013a, 2014a). 
3.3 Banbanqiao 
The newly-discovered Banbanqiao Pb-Zn deposit is located east near to 
the Tianqiao deposit (Fig. 3). In the Banbanqiao mining area, the exposed 
strata are early Carboniferous Shangsi, late Carboniferous Huanglong, early 
Permian Liangshan and middle Permian Qixia-Maokou Formations (Fig. 9a). 
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The Shangsi Formation is unconformably overlain by the Huanglong Formation, 
which is in turn unconformably overlain by the Liangshan Formation (Zhou et al., 
2014b; Li et al., 2015). The lithologies of the Shangsi and Huanglong 
Formations are similar to those in the Maozhachang and Tianqiao mining areas, 
and the lithologies and sequence stratigraphic relationships of the Liangshan 
and Qixia-Maokou Formations please refer the illustration above (section 2.2; 
Fig. 4). 
Sedimentary rocks of the Shangsi, Huanglong, Liangshan and 
Qixia-Maokou Formations form the Banbanqiao anticline (Fig. 9a-b), of which 
the Shangsi Formation rocks form the core part and the rocks of the Huanglong, 
Liangshan and Qixia-Maokou Formations form the two limbs. In addition, the 
EW- and NW-trending faults are developed, such as the E-W-trending 
Dushan-Huamianzhai (F1 in Fig. 10a) and the NE-trending F3 faults (Figs. 3, 9a). 
The F1 is a reverse fault, belonging to the Maozhachang-Banbanqiao regional 
fault, with dipping angles between 40° and 70°, and the F3 is normal fault that 
has dipping angles of 45°-85°. 
Sulfide ore in the Banbanqiao deposit mainly occurs as stratiform shape 
(Fig. 9b). Three main ore bodies have been found in the Banbanqiao mining 
area, of which No. II ore body is the largest one and occurs within the 
Banbanqiao anticline (Fig. 9b). The Banbanqiao deposit contains >1.5 Mt of 
sulfide ore with grades of 0.26-10.32 wt. % Pb and 0.81-28.8 wt. % Zn (Li et al., 
2015). Oxidized ore has complex mineral assemblages, including smithsonite, 
  
20 
 
limonite, cerussite, and sulfides, as well as carbonate minerals (Fig. 10b). 
Sulfide ore displays either massive, disseminated, breccia cemented veins or 
banded structure, and mainly consists of sphalerite, pyrite and galena as ore 
minerals, and calcite, dolomite and quartz as gangue minerals (Fig. 10c-i). 
Hydrothermal minerals have anhedral to euhedral granular, metasomatic, filled, 
enclosed, or stress deformation texture (Fig. 10g-i). Three generations of 
sphalerite with different crystal habits, colors (Fig. 10g-i), and mineral 
assemblages were formed in the hydrothermal sulfide phase (Zhou et al., 
2014a; Li et al., 2015). Wall rock alteration in the Banbanqiao deposit is simple 
and includes dolomization, calcilization, Fe-Mn carbonatization and silicification 
(Table 1). 
3.4 Shaojiwan 
The Shaojiwan Pb-Zn deposit is located in the SE Tianqiao-Liangyan 
fault-fold tectonic system (Fig. 3). In the Shaojiwan mining area, the exposed 
lithologies are sedimentary rocks of middle Devonian Longdongshui and 
Bangzai, late Devonian Dushan and Rongxian, early Carboniferous Jiusi and 
Shangsi, late Carboniferous Maping, early Permian Liangshan, and middle 
Permian Qixia-Maokou Formations, and Quaternary sediments (Fig. 11a) 
(Zhou et al., 2013b). The Longdongshui Formation that mainly consists of 
sandstone, limestone and dolostone is conformably overlain by the Bangzai 
Formation, which is in turn conformably overlain by the Dushan Formation. The 
lithologies of the Bangzai, Dushan, Rongxian, Jiusi, Shangsi, Maping, 
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Liangshan and Qixia-Maokou Formations are similar to those in the 
Maozhachang, Tianqiao and Banbanqiao mining areas, and the sequence 
stratigraphic relationships of the Dushan, Rongxian, Jiusi, Shangsi, Maping, 
Liangshan and Qixia-Maokou Formations please refer the description above 
(section 2.2; Fig. 4). 
The NW- and NE-trending faults are developed in the Shaojiwan mining 
area (Fig. 11a). These NW-trending faults comprise a series of high angle 
reverse faults and form an imbricate thrust nappe structure in the 
Mangdong-Shaojiwan region (Zhou et al., 2013b). The Shaojiwan deposit 
occurs in the southeastern part of the asymmetrical Mangdong-Shaojiwan 
anticline, which trends 310°, with axial plane dipping to the SW (Fig. 11a). 
These NW-tending reverse faults and anticline belong to the Tianqiao-Liangyan 
fault-fold tectonic system that is attached to the regional 
Kangding-Yiliang-Ziyun deep fault (KYZ in Fig. 2a) and strictly control the 
occurrence of Pb-Zn ore in the Mangdong-Shaojiwan region (Fig. 11a). 
Sulfide ore in the Shaojiwan deposit occurs as steeply dipping veins and 
gently dipping stratiform shape (Fig. 11b). Three ore bodies have been 
delineated, of which No. I ore body occurs as steeply dipping veins in regional 
fault zone, and trend extends 360 m long and dip extends 300 m. Above the 
water table, oxidized ore is dominant, whereas brecciated and massive sulfide 
ores occur below. The Pb + Zn metal reserves of this ore body exceed 0.4 Mt 
with grades of Pb 0.71-10.6 wt. % (av. 3.37 wt. %), Zn 2.09-30.3 wt. % (av. 11.7 
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wt. %) and Ag 6.6-70.5 g/t (Zhou et al., 2013b). Sulfide ore mainly consists of 
sphalerite, galena, pyrite, dolomite and calcite (Fig. 12a-j), with rare quartz and 
clay minerals (Jin, 2008; Zhou et al., 2013b), which form either massive, 
banded, disseminated or veined structure (Fig. 12a-f), with granular, fractured, 
filled, enclosed, metasomatic and eutectic textures (Fig. 12j). Wall rock 
alteration in the Shaojiwan deposit is similar to that of the Banbanqiao deposit, 
including dolomization, calcilization, Fe-Mn carbonatization and silicification 
(Table 1). Details of ore deposit geology are available in Zhou et al. (2013b). 
3.5 Qingshan  
The Qingshan Pb-Zn deposit is located in the NW Qingshan-Shanshulin 
fault-fold tectonic system (Fig. 3). In the Qingshan mining area, the exposed 
rocks are sedimentary rocks of late Carboniferous Huanglong and Maping, 
early Permian Liangshan and middle Permian Qixia-Maokou Formations, and 
clay layers of Quaternary (Fig. 13a). The lithologies and sequence stratigraphic 
relationships of the Huanglong, Maping, Liangshan and Qixia-Maokou 
Formations are similar to those in other mining areas described above. In 
addition, mafic dike (diabase) related to the ELIP has spatially association with 
sulfide ore in the Qingshan mining area (Fig. 13a-b). 
There are three important faults in the Qingshan ore district, namely the 
NW-trending F1, NNW-trending F28 and the NNE-trending F26 faults (Figs. 13a, 
14a). Among these faults, the F1 belongs to the NW-trending 
Qingshan-Shanshulin fault-fold tectonic system (Fig. 3) and is an important 
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ore-controlling structure (Fig. 13b). 
Three major ore bodies have been found in the Qingshan deposit, of which 
No. I ore body dip extends 145 m, 70 m long and 1.3-32 m wide, with mean 
grades of 9.92 wt. % Pb and 37.58 wt. % Zn; No. II ore body dip extends 45 m, 
trend extends 42 m and 0.9-6.3 m in width with average grades of 9.22 wt. % Pb 
and 35.12 wt. % Zn; and No. III ore body is 40 m in depth, 30 m in length, and 
0.5–3.6 m in width, and has mean grades of 3.76 wt. % Pb and 34.96 wt. % Zn 
(Zhou et al., 2013c). Ore minerals are mainly galena, sphalerite and pyrite (Fig. 
14b-d, h), with few chalcopyrite and arsenopyrite; gangue minerals are 
dominantly dolomite and calcite (Fig. 14b-d, h), with a small number of barite 
and quartz (Zhou et al., 2013c). Sulfide ore has massive, veined, net vein, 
banded, and disseminated structures (Fig. 14b-c, h), with subhedral-euhedral 
granular, enclosed, metasomatic and eutectic textures (Fig. 14d) (Zhou et al., 
2013c). Wall rock alteration in the Qingshan deposit is relatively complex and 
includes dolomization, calcilization, baratization, fluoritization, silicification and 
chloritization (Table 1). 
3.6 Shanshulin 
The Shanshulin Pb-Zn deposit is geographically located southeast near to 
the Qingshan deposit and is structurally controlled by the Qingshan-Shanshulin 
fault-fold tectonic system (Fig. 3). In the Shanshulin mining area, the exposed 
strata are late Carboniferous Huanglong, middle Permian Qixia-Maokou, late 
Permian Emeishan basalts, and late Permian Longtan Formations, as well as 
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early to middle Triassic (Fig. 15a). The lithologies and sequence stratigraphic 
relationships of these strata please refer the description above (section 2.2; Fig. 
4). 
There are three main faults and two folds in the Shanshulin mining area 
(Fig. 15a). The NW-trending Qingshan-Shanshulin fault-fold tectonic system 
consists of many high angle reverse faults (such as F1 in Fig. 15a) with dipping 
angles of 50°-80°, of which the reverse faults (such as F9 in Fig. 15a) in the 
Shanshulin deposit have dipping angles of 55°-75°. The F3 and F5 are normal 
fault (Fig. 15a). The Carboniferous and Permian rocks form the Guanyinshan 
anticline, and the Permian and Triassic rocks form the Guanyinshan syncline 
(Fig. 15a). 
Sulfide ore in the Shanshulin deposit mainly occurs as steeply-dipping 
veins along reverse fault dip planes (Fig. 15b), and few stratiform or lentiform 
shape within the Huanglong Formation carbonate rocks. Twenty-two ore bodies 
have been found in the mining area, of which No. IV ore body is the largest one 
and occurs as veined or lentiform shape along F9 reverse fault (Fig. 15b). This 
ore body trend extends 460 m and dip extends 200 m, with a mean thickness of 
5.2 m. It contains at least 2 Mt of sulfide ore with grades of 0.24-7.94 wt. % Pb 
(av. 3.64 wt. %) and 1.09-26.64 wt. % Zn (av. 14.98 wt. %). Sulfide ore mainly 
consists of galena, sphalerite and pyrite (with a small number of chalcopyrite 
and arsenopyrite) as ore minerals, and dolomite and calcite as gangue 
minerals (with few barite and quartz) (Fig. 16a-i). Ore minerals form either 
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massive, fine-veined, disseminated or banded sulfide ore (Fig. 16a-f), with 
anhedral-euhedral granular, filled, enclosed, metasomatic, eutectic and 
replacement textures (Fig. 16g-i) (Zhou et al., 2014b). There are three 
generations of sphalerite according to their different crystal habits, colors and 
mineral assemblages (Zhou et al., 2014b). Wall rock alteration in the 
Shanshulin deposit is simple and includes dolomization, calcilization, 
baratization, and silicification (Table 1). 
3.7 Nayongzhi 
The Nayongzhi deposit is situated in the eastern part of the NW Guizhou 
district and the central Wuzhishan anticline (Figs. 3, 17a). In the Wuzhishan 
anticline area, the exposed lithologies are sedimentary rocks of late Ediacaran, 
Cambrian, early Carboniferous, early Permian and early Triassic (Fig. 17a). 
The late Ediacaran Dengying Formation that consists mainly of limestone and 
dolostone are unconformably overlain by siltstone and shale of early Cambrian 
Jindingshan Formation, which are conformably overlain by early Cambrian 
Qingxudong Formation that comprises mainly limestone and dolostone. 
Carbonate rocks of the Qingxudong Formation are conformably overlain by 
middle Cambrian Douposi Formation that is composed mainly of dolostone and 
sandstone, which are in turn conformably overlain by limestone and dolostone 
of late Cambrian Loushanguan Formation. Early Carboniferous Xiangbai 
Formation rocks that unconformably overlay on the Loushanguan Formation 
carbonate rocks are conformably overlain by early Carboniferous Jiusi 
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Formation rocks, which are in turn unconformably overlain by early Permian 
Liangshan Formation rocks. Sedimentary rocks of the Liangshan Formation are 
unconformably overlain by early Triassic Daye Formation that mainly consists 
of limestone (Chen et al., 2015b, 2017; Jin et al., 2015, 2016b; Zhou et al., 
2018a). In the Nayongzhi mining area, the exposed rocks are the Qingxudong 
Formation carbonate rocks (Fig. 17a-b). 
In the Wuzhishan anticline area, the structures are well-developed (Figs. 3, 
17a) (Chen et al., 2015b; Jin et al., 2015). The Wuzhishan anticline, a 
NE-trending asymmetric anticline, is 16 km in length and 4 km in width with an 
axis trending 45°. The Narun fault (F1 in Fig. 17a) is a normal fault, which strikes 
the NE, dips to the SE and intersects the NW-trending Shuicheng-Weining 
regional fault-fold tectonic system (Fig. 3). The Dujiaqiao fault (F2 in Fig. 17a) is 
a reverse fault that strikes 30° and dips SE with angles of 60°-70°. Another 
important structure, the F7 reverse fault, trends north with dipping angles of 
51°-75°. 
In the Nayongzhi deposit, there are at least one steeply-dipping vein and 
twenty stratiform or lentiform ore bodies (Jin et al., 2016b; Chen et al., 2017; 
Zhou et al., 2018a). The steeply-dipping vein occurs along the F7 reverse fault 
zone (Fig. 17b), and is 20-50 m long, 0.5-3 m wide and 200 m thick, with grade 
of > 10 wt. % Zn. There are three groups of stratiform or lentiform ore bodies 
(Fig. 17b). Among these groups, Group II is the largest one and is hosted by 
limestone and dolostone with the same orientation to the host rocks, namely 
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strikes NE and dips SE at angles of 8°-20°. The main ore body in Group II is 
2725 m long, 250-775 m wide and 1-29.6 m thick, with 0.5-36.63 wt. % Zn (av. 
4.03 wt. %) and 0.04-4.05 wt. % Pb (av. 0.45 wt. %). Sulfide ore in the 
Nayongzhi deposit consists mainly of sphalerite, galena and pyrite, with calcite 
and dolomite as the primary gangue minerals, and rare quartz and barite as 
local associated minerals (Fig. 18a-k). Sulfide ore has either veins, massive, or 
disseminated structure (Fig. 18a-h), with granular, fragmented and 
replacement textures (Fig. 18i-k). The spatial distribution of sulfide ore shows 
the formation sequence is from sphalerite-dominated massive/dense 
disseminated ore, and sphalerite- and galena-dominated massive/sparely 
disseminated ore, to metasomatic, filled or cemented ore vein. Therefore, 
sulfide minerals have at least two generations (Jin et al., 2016b; Zhou et al., 
2018a). Wall rock alteration includes dolomization, calcilization, silicification 
and baratization (Table 1). Details of ore deposit geology and mineralogy were 
described in Zhou et al. (2018a). 
3.8 Guanziyao 
The Guanziyao Pb-Zn deposit is located in the southern part of the NW 
Guizhou district (Fig. 3). In the Guanziyao region, the exposed strata are 
middle-late Devonian, late Devonian-early Carboniferous, late Carboniferous, 
early-middle Permian, late Permian Emeishan basalts, late Permian Longtan 
Formation, Triassic and Cretaceous (Fig. 19a) (Zeng et al., 2017). The middle 
Devonian Bangzai Formation rocks are unconformably overlain by late 
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Devonian Wangchengpo Formation that mainly consists of carbonate rocks 
and shale, which are unconformably overlain by early Carboniferous Xiangbai 
Formation that mainly comprises shale and carbonate rocks. Late 
Carboniferous Maping Formation carbonate rocks that unconformably overlay 
on the Xiangbai Formation sedimentary rocks are conformably overlain by early 
Permian Liangshan Formation rocks. The lithologies and sequence 
stratigraphic relationships of the Liangshan, Qixia-Maokou and Emeishan 
Formations, Triassic and Cretaceous please refer the description above 
(section 2.2; Fig. 4). In addition, mafic dikes related to the ELIP have spatially 
association with sulfide ore in the Guanziyao region (Fig. 19a). In the 
Guanziyao mining area, the exposed rocks are shale, carbonate rocks of the 
Bangzai, Wangchengpo, Xiangbai and Maping Formations (Fig. 19a-b). 
Structures in the Guanziyao region are developed, including mainly the 
NNE-, NE- and NW-trending faults and folds (Figs. 3, 19a). Almost all the faults 
are reverse fault (Zeng et al., 2017), of which the NNE-trending Guanziyao fault 
is a regional reverse fault that controlled the distribution of Pb-Zn deposits in 
this region (Fig. 19a). The Guanziyao deposit occurs in the intersection part of 
the NNE- and NE-trending faults. 
More than twenty-nine Pb-Zn mineralization spots have been found in the 
Guanziyao region, in which sulfide ore occurs as stratiform, lentiform, veined, 
and scrotiform shapes within bedding-planes or steeply-dipping veins along 
fault dip planes (Fig. 19b) (Zeng et al., 2017). Ore minerals are mainly 
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sphalerite and galena, with rare pyrite and chalcopyrite, and gangue minerals 
are dominantly dolomite and calcite, with rare siderite, quartz, barite and fluorite 
(Zeng et al., 2017). These minerals form either massive, banded, veined or 
disseminated ore with granular, enclosed, metasomatic and eutectic textures 
(Zeng et al., 2017). Sulfide ore body commonly contains 0.56-6.69 wt. % Pb 
and 1.01-14.35 wt. % Zn. Wall rock alteration in the Guanziyao region is 
relatively complex and includes dolomization, calcilization, Fe-carbonatization, 
baratization, silicification and fluoritization (Table 1). 
 
4. Samples and analytical methods 
4.1 Samples 
Sulfide ore samples were collected from ore exploration tunnels and drill 
holes in the Maozhachang and Liangyan deposits (Figs. 3 and 5b). After the 
mineralogical observation, and analysis under microscope (Figs. 6 and 23) and 
scanning electron microscope (SEM), pyrite and galena crystals formed at 
main ore formation phase were selected for in situ NanoSIMS S (Fig. 23) and fs 
LA-MC-ICPMS Pb isotope analyses, respectively. 
4.2 Analytical methods 
4.2.1 NanoSIMS in situ S isotope analysis 
In situ S isotopes were analyzed using a CAMECA NanoSIMS at the Key 
Lab of Earth and Planetary Physics, Institute of Geology and Geophysics, 
Chinese Academy of Sciences (CAS). In order to meet the diverse 
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requirements of spatial resolution, the NanoSIMS was made using 3 different 
settings of the Faraday cups/electron multiplier (EM) detectors. The bracketing 
method of standard-sample-standard was used to correct instrumental mass 
fractionation. International standard included Balmat (pyrite and sphalerite) and 
CAR-123 (pyrite), and internal standard included PY-1117 (pyrite), CS-01 
(pyrite), JC-14 (sphalerite) and MY09-12 (sphalerite). The analytical 
uncertainty was better than 0.2‰ (1σ). The δ34S values were reported relative 
to the Vienna Canyon Diablo Troilite (V-CDT) standard. Details of NanoSIMS 
instrument parameters, and in situ analysis techniques were described in 
Zhang et al. (2014b) and Zhou et al. (2018a, 2018b). 
4.2.2 Fs LA-MC-ICPMS in situ Pb isotope analysis 
In situ Pb isotope analysis was undertaken using a Nu II MC-ICPMS 
instrument combined with a 266 nm femtosecond (fs) laser ablation system at 
the State Key Laboratory of Continental Dynamics, Northwest University. Line 
scan ablation consisted of background collection for 20 s followed by 50 s of 
laser ablation for signal collection. Laser ablation parameters were: 15 μm spot 
size; 100% output energy, >600 μJ; 100% energy density, 6 J/cm2; laser 
frequency, 5-50 Hz; and ablation way, line 3 μm/s. These ensured a strong 
enough signal for in situ Pb isotope analysis. The Tl (20 ppb), NIST SRM 997 
(205Tl/203Tl = 2.38890) and NIST SRM 610 glass served as internal and external 
standards. The repeated analyses of NIST SRM 610 glass yielded highly 
reliable and reproducible results that have a mean 206Pb/204Pb = 17.052±0.003, 
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207Pb/204Pb = 15.515±0.003 and 208Pb/204Pb = 36.980±0.007 (1s, n = 183). 
Details of fs LA-MC-ICPMS instrument parameters and in situ analysis 
techniques were described in Bao et al. (2016) and Zhou et al. (2018a, 2018b). 
 
5. Carbon and O isotopic compositions 
5.1 Variations of C-O isotopic compositions 
The statistical C-O isotopic data for syn- and post-ore calcite/dolomite, as 
well as altered and fresh dolostone/limestone from the chosen Yinchangpo, 
Yunluhe, Tianqiao, Banbanqiao, Shaojiwan, Qingshan and Shanshulin Pb-Zn 
deposits (Chen, 1986; Wang, 1996; Mao et al., 1998; Zhang et al., 1998; Hu, 
1999; Mao, 2000; Dou and Zhou, 2013; Zhou et al., 2013a, 2013c, 2014b; Li et 
al., 2015; Jin et al., 2016a) are listed in Appendix Table S1 and are shown in 
Figures 20-22. 
Syn-ore calcite/dolomite samples have δ13CPDB and δ
18OSMOW values 
ranging from -10.1 to +0.7‰ (-2.7‰ on average) and +11.3 to +23.6‰ (+18.1‰ 
on average), respectively; post-ore calcite/dolomite samples have δ13CPDB and 
δ18OSMOW values in range of -10.9-+1.1‰ (-2.2‰ on average) and +15.2-+22.6‰ 
(+19.7‰ on average), respectively; altered dolostone samples have δ13CPDB 
values ranging from -3.0 to +0.9‰ (-1.4‰ on average) and δ18OSMOW values of 
+18.6-+20.9‰ (+20.2‰ on average); and fresh dolostone/limestone samples 
have δ13CPDB and δ
18OSMOW in range of -1.8-+3.9‰ (+0.9‰ on average) and 
+21.0-+26.8‰ (+23.5‰ on average), respectively. From syn- to post-ore and 
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altered, and then to fresh carbonates, both δ13CPDB and δ
18OSMOW values are 
gradually increased (Fig. 20a-b). Moreover, C-O isotopic data for syn-ore 
calcite/dolomite have the following regularities: (i) from the SSW (the 
Yinchangpo deposit: δ13CPDB = -3.2 to -0.3‰, -2.0‰ on average; δ
18OSMOW = 
+11.3-+18.5‰, +15.5‰ on average) to the NNE (the Yunluhe deposit: δ13CPDB 
= -10.1-+0.7‰, -2.9‰ on average; δ18OSMOW = +15.2-+23.6‰, +20.8‰ on 
average) (Fig. 20a-b), along the Yinchangpo-Yunluhe fault (Fig. 3), both of the 
δ13CPDB and δ
18OSMOW values are increased; (ii) from the SWW to the NEE 
along the Maozhachang-Banbanqiao fault (Fig. 3), the δ13CPDB values (the 
Tianqiao deposit: -5.3 to -3.4‰, -4.5‰ on average; the Banbanqiao deposit: 
-2.8 to -0.7‰, -1.1‰ on average) are increased (Fig. 20a), whereas the 
δ18OSMOW values (the Tianqiao deposit: +14.9-+19.6‰, +17.9‰ on average; 
the Banbanqiao deposit: +14.1-+17.0‰, +15.5‰ on average) are decreased 
(Fig. 20b); (iii) from the NW to the SE (the Shaojiwan deposit: δ13CPDB = -3.1 to 
-2.5‰, -2.8‰ on average; δ18OSMOW = +18.9-+19.3‰, +19.1‰ on average), 
along the Tianqiao-Liangyan fault (Fig. 3), the δ13CPDB values are increased 
(Fig. 20a) with nearly constant δ18OSMOW values (Fig. 20b); and (iv) from the 
NW to the SE, along the Qingshan-Shanshulin fault (Fig. 3), the δ13CPDB values 
are increased (the Qingshan deposit: -5.0 to -3.4‰, -4.0‰ on average; the 
Shanshulin deposit: -3.1 to -1.4‰, -1.9‰ on average) (Fig. 20a), whereas the 
δ18OSMOW values (the Qingshan deposit: +18.9-+19.6‰, +19.2‰ on average; 
the Shanshulin deposit: +18.8-+20.3‰, +19.5‰ on average) are also nearly 
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constant (Fig. 20b). 
5.2 Sources of C and O, and evolution of hydrothermal systems 
As calcite and dolomite are two main carbonate minerals in sulfide ores 
(Zhou et al., 2013a, 2014b; Chen et al., 2014; Jin et al., 2016b; Liu et al., 2017), 
so HCO3
- or H2CO3 (occurring as liquid phase of CO2) is the dominant C 
species in hydrothermal systems. Hence, δ13CCO2 ≈ δ
13Cfluid if the fractionation 
of C isotopes between HCO3
-/H2CO3 (liquid) and CO2 (gas) is negligible 
(Ohmoto, 1972; Zheng, 1990; Zheng and Hoefs 1993; Hoefs, 2009; Zhou et al., 
2018a). The δ13CCO2 values can be calculated using the equation of 1000 lnα 
(CO2-Calcite) ≈ δ
13CCO2 - δ
13CCalcite = -2.4612 + 7.663 × 10
3 / (T + 273.15) - 2.988 × 
106 / (T + 273.15)2 (Bottinga, 1968) (“T” [200 °C] is an average metallogenic 
temperature; Jin, 2008; Zhou et al., 2013d; Zhu et al., 2016a; Liu et al., 2017). 
Similarly, the δ18OH2O values can be calculated using the equation of 1000 lnα 
(Calcite-H2O) ≈ δ
18OCalcite - δ
18OH2O = 2.78 × 10
6 / (T + 273.15)2 - 3.39 (O’Neil et al., 
1969). The theoretical δ13Cfluid and δ
18Ofluid values (based on the δ
13C and δ18O 
values of syn-ore calcite/dolomite) are of -9.7-+0.7‰ (-2.4‰ on average) and 
+2.3-+14.6‰ (+9.0‰ on average), respectively (Appendix Table S1). 
It has been well-documented that C-O isotopic compositions of various 
reservoirs are distinct (Fig. 21), for example, the δ13C and δ18O values of 
mantle are -8 to -4‰ and +6-+10‰, respectively (Taylor et al., 1967; Demény et 
al., 1998), typical marine carbonate rocks have δ13C values of -4-+4‰ and δ18O 
values of +20-+30‰ (Veizer and Hoefs, 1976), whereas the δ13C and δ18O 
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values of sedimentary organic matters mainly range from -30 to -15‰ and +24 
to +30‰, respectively (Kump and Arthur, 1999; Hoefs, 2009). Thus, the C-O 
isotopes of syn-ore calcite/dolomite can provide a crucial constraint on the 
sources and evolution of hydrothermal systems. 
The C-O isotopes of syn-ore calcites/dolomites and associated fluids 
(δ13Cfluid = -9.7-+0.7‰, -2.4‰ on average; δ
18Ofluid = +2.3-+14.6‰, +9.0‰ on 
average) can’t match with anyone of the above-mentioned three main 
reservoirs (Fig. 21), suggesting that neither mantle, carbonates nor organic 
matters provided C-O to the hydrothermal systems solely. 
The mantle-derived Emeishan flood basalts and mafic dikes are spatially 
associated with Pb-Zn deposits in the NW Guizhou district (Figs. 2b and 3), 
indicating that mantle has the possibility to provide volatiles (including H2S, CO2 
and H2O) to the hydrothermal systems (Pirajno, 2000; Huang et al., 2004; 
Davidheiser-Kroll et al., 2014; Xu et al., 2014; Zhou et al., 2018b). This is also 
supported by H-O isotopes (Huang et al., 2004) and S isotopes (Figs. 24-25 
and 27). Additionally, the δ18O values of syn-ore calcites/dolomites and 
associated fluids are similar to those of metamorphic rocks/fluids (δ18O = 
+2-+25‰: Hoefs, 2009) (Fig. 20b), implying that metamorphic fluids were also 
likely involved in ore formation (Zhou et al., 2013a). Furthermore, the evidence 
from Zn and Pb-Sr isotopes suggest that ore-forming metals and associated 
fluids were most likely derived from, flowed through or interacted with multiple 
reservoirs involving mantle-derived rocks of the ELIP, ore-bearing sedimentary 
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rocks and underlying basement metamorphic rocks (see below; Figs. 27-34). 
Hence, it is most likely that such C-O isotope signatures (Figs. 20a-b, 21) were 
mainly generated by water/rock (W/R) interaction between mixed (mantle and 
metamorphic) fluids and carbonate rocks, and were affected by 
dehydroxylation of organic matters within sedimentary strata in local (Fig. 21). 
On the other hand, the simulated C-O isotopic evolution curves of syn-ore 
calcite/dolomite that were precipitated through the W/R interaction between 
hydrothermal fluids (initial δ13Cfluid = -2‰, δ
18Ofluid = +9‰) and limestone (Fig. 
22) (O'Neil et al., 1969; Zheng and Hoefs, 1993), indicating that the evolution 
curves of H2CO3 (Fig. 22) as the dominant C species can generate our C-O 
isotope signatures (Zheng and Hoefs, 1993). Such an initial C-O isotopic 
composition of hydrothermal fluids is exactly similar to the average theoretical 
δ13Cfluid (-2.4‰) and δ
18Ofluid (+9‰) values. This means that the W/R interaction 
plays a crucial role during the precipitation of hydrothermal carbonate minerals 
(Zhou et al., 2018a). In addition, the corresponding simulated temperatures are 
between 300-150°C (Fig. 22), which are consistent with the homogenization 
temperatures of fluid inclusions (280-120°C) (Jin, 2008; Zhou et al., 2013d; Zhu 
et al., 2016a; Liu et al., 2017). 
The gradually increased C-O isotopes from syn-/post-ore calcite/dolomite 
to altered dolostone, and then to fresh carbonate rocks (Fig. 20a-b), showing 
that the degree of W/R interaction is gradually decreased, namely the 
contribution from carbonate rocks is gradually dominant. Hence, the variations 
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of C-O isotopic compositions can trace the migration paths or evolution of 
hydrothermal systems. The spatial regularities of C-O isotopic data for syn-ore 
calcite/dolomite (Fig. 20a-b), revealing that the hydrothermal systems were 
likely migrated or evolved from west to east, i.e. from Yinchangpo to Yunluhe, 
Tianqiao to Banbanqiao/Shaojiwan, and Qingshan to Shanshulin in the NW 
Guizhou district (Fig. 3). 
 
6. Sulfur isotopic compositions 
6.1 Variations of S isotopic compositions 
NanoSIMS in situ S isotopic data for pyrite crystals from the Maozhachang 
and Liangyan deposits, and previously reported bulk S isotopic data for pyrite, 
sphalerite, galena and barite from the Yinchangpo, Yunluhe, Maozhachang, 
Tianqiao, Banbanqiao, Yadu, Mangdong, Shaojiwan, Qingshan, Shanshulin 
and Nayongzhi deposits (Chen, 1986; Zhang et al., 1998, 2011, 2016; Hu, 1999; 
Liu and Lin, 1999; Fu, 2004; Gu, 2007; Jin, 2008; Zhou et al., 2013d, 2014a, 
2014b; Li et al., 2015; Xiang et al., 2015; Jin et al., 2016b; Chen et al., 2017; Liu 
et al., 2017) are listed in Appendix Table S2 and are shown in Figures 23-27. 
In situ δ34SCDT values of pyrite crystals from the Maozhachang and 
Liangyan Pb-Zn deposits range from +3.0 to +15.1‰ (+11.3‰ on average) and 
-12.6 to -4.7‰ (-7.9‰ on average), respectively (Fig. 23). Compared with 
previously reported bulk δ34SCDT value of pyrite (+14.0‰; Jin, 2008) from the 
Maozhachang deposit, in situ δ34SCDT values have a much larger range. In 
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addition, pyrite crystals from the Liangyan deposit have lower δ34SCDT values 
than other deposits with the exception of pyrite (-18.1‰) from the Yunluhe 
deposit (Fig. 24). 
Bulk δ34S values of pyrite, sphalerite and galena from the chosen Pb-Zn 
deposits range from -18.1 to +25.5‰ (+13.5‰ on average) (Appendix Table 
S2). The spatial regularities of S isotopic compositions of these deposits are (i) 
from the SSW to the NNE along the Yinchangpo-Yunluhe fault (Fig. 3), the δ34S 
values (the Yinchangpo deposit: δ34S = +7.6-+14.2‰, +11.1‰ on average; the 
Yunluhe deposit: δ34S = -18.1-+2.7‰, -2.1‰ on average) are decreased (Figs. 
24-25); (ii) from the SWW (the Tianqiao deposit: δ34S = +8.3-+15.9‰, +12.4‰ 
on average) to the NEE (the Banbanqiao deposit: δ34S = +3.2-+9.8‰, +6.4‰ 
on average) (Figs. 24-25) along the Maozhachang-Banbanqiao fault (Fig. 3), 
the δ34S values are decreased; (iii) along the Tianqiao-Liangyan fault (Fig. 3), 
the δ34S values of sulfides and associated fluids are similar to those of the 
Tianqiao (δ34Sfluid = +14.5‰), Yadu (δ
34S = +8.8-+13.7‰, +11.5‰ on average, 
δ34Sfluid = +14.3‰), Mangdong (δ
34S = +10.7-+13.7‰, +12.2‰ on average), 
and Shaojiwan (δ34S = +8.4-+11.6‰, +10.5‰ on average) deposits (Figs. 
24-26); and (iv) from the NW to the SE along the Qingshan-Shanshulin fault 
(Fig. 3), the δ34S values of sulfides and associated fluids (the Qingshan deposit: 
δ34S = +10.7-+19.6‰, +15.7‰ on average, δ34Sfluid = +15.7‰; the Shanshulin 
deposit: δ34S = +13.4-+20.3‰, +16.8‰ on average, δ34Sfluid = +19.0‰; the 
Nayongzhi deposit: δ34S = +4.7-+25.5‰, +19.9‰ on average) are gradually 
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increased (Figs. 24-26). 
6.2 Sources of S, reduced mechanisms, and evolution of hydrothermal systems 
Mineralogically, sulfide ores in the NW Guizhou district mainly consist of 
pyrite, sphalerite, galena and hydrothermal carbonate minerals, as well as 
quartz and fluorite, with rare barite locally (Figs. 6, 8, 10, 12, 16 and 18). The 
absence of sulfate minerals in sulfide ores indicates that δ34Ssulfide values, 
especially δ34Spyrite ≈ δ
34Sfluid (Ohmoto, 1972; Seal, 2006; Hoefs, 2009). δ
34S 
values of sulfides determined by conventional bulk and NanoSIMS in situ 
techniques range from -18.1 to +25.5‰ (Figs. 23-27), reflecting both light and 
heavy S isotopes are enriched in the hydrothermal systems. Such S isotopic 
data overlap with mantle-derived S (δ34S = -3-+3‰: Chaussidon et al., 1989), 
metamorphic rocks/fluids (δ34S = -20-+20‰: Seal et al., 2000), sulfate-bearing 
(barite) evaporites (δ34S = +11.8-+28.3‰; Jin, 2008; Zhou et al., 2013a, 2013d, 
2018a; Liu et al., 2017) and H2S in oil and gas reservoir (δ
34S = +5-+20‰: Zhu 
et al., 2014), as well as the Cambrian (δ34S = +26-+32‰), Devonian (δ34S = 
+16-+26‰), Carboniferous (δ34S = +13-+23‰) and Permian (δ34S = 
+10-+26‰) coeval seawater that was enclosed/trapped by the corresponding 
sedimentary strata (Claypool et al., 1980; Seal, 2006). This means that (i) 
salt-gypsum rocks provide the majority of S; (ii) the main sources of S are the 
coeval seawater sulfate; or (iii) all the potential reservoirs are S sources. 
Assumed that S was completely derived from evaporites, as the processes 
of thermochemical sulfide reduction (TSR) or bacterial sulfate reduction (BSR) 
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can generate up to +15‰ or -30‰ of the Δ34Ssulfate-sulfide value, respectively 
(Ohmoto et al., 1990; Worden et al., 1995; Ohmoto and Goldhaber, 1997; 
Basuki et al., 2008), so the predicted δ34Ssulfide value could drop to -3.2‰ or 
-18.2‰, respectively. The theoretical δ34Ssulfide values (-18.2-+28.3‰) match 
well with the observed δ34S values (-18.1-+25.5‰). Similarly, if S was totally 
sourced from coeval seawater sulfate (+10-+32‰), the theoretical δ34Ssulfide 
values (-20-+32‰) also match well with the determined δ34S values 
(-18.1-+25.5‰). Furthermore, the δ34Spyrite and δ
34Sfluid values also support that 
both evaporites and coeval seawater sulfate were involved in the supply of S. 
On the other hand, the evidence of geology, mineralogy and geochronology 
(Huang et al., 2004, 2010; Bai et al., 2013; Zhou et al., 2013a, 2014a, 2018b; 
Xu et al., 2014; Li et al., 2015, 2016; Zhu et al., 2016a, 2016b; Tan et al., 2017), 
as well as C-O, Zn and Pb-Sr isotopes (see sections 5, 7-8), suggesting that 
both mantle and metamorphic fluids were involved in ore formation. Although 
the contributions of metamorphic rocks/fluids- or mantle-derived S cannot be 
ruled out, they are certainly not the only source (Fig. 27). Hence, the main 
sources of S are marine-derived sulfate, but having diverse contributions from 
metamorphic rocks/fluids and mantle-derived S in local. For example, at the 
Yunluhe deposit (sphalerite and galena have δ34S values range of -1.5-+2.7‰), 
mantle-derived S was dominant in the hydrothermal systems (Fig. 26). The 
caveat is that S2- originated from metamorphic and mantle reservoirs may be 
trapped at the mineralized areas before metal-rich fluids arrived, as the ELIP 
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(~260 Ma: Zhou et al., 2002) occurred earlier than the Pb-Zn mineralization 
(245-190 Ma; see below) in the western Yangtze Block. 
The reduction of sulfate occurs via both abiotic thermochemical (TSR) and 
bacterially mediated (BSR) processes, which are temperature-dependent 
(Ohmoto, 1972; Hoefs, 2009; Seal, 2006). TSR activates at a relatively high 
temperature (>100-140 °C: Machel et al., 1995; Worden et al., 1995) and can 
form abundant reduced S rapidly with relatively stable δ34S values (Ohmoto et 
al., 1990; Zhou et al., 2013d). BSR occurs at a relatively low temperature 
(<110 °C: Jørgenson et al., 1992; Basuki et al., 2008) and can generate plentiful 
S2- slowly with various δ34S values (Habicht and Canfield, 1997; Machel, 2001). 
The homogenization temperatures of fluid inclusions (120-280 °C) (Jin, 2008; 
Zhou et al., 2013d; Zhu et al., 2016a; Liu et al., 2017) are too high for bacteria to 
survive, hence BSR should be occurred before the formation sulfide ores. This 
is in agreement with mineralogical records, for example, pyrite crystals from the 
Maozhachang deposit have granular and metasomatic textures imply that they 
are hydrothermal in origin, whereas pyrite crystals from the Liangyan and 
Yunluhe deposits occur as colloidal forms or framboids that indicate a biological 
process (Fig. 23) (Jin, 2008; Zhang et al., 2016). In addition, reserves of sulfide 
ores in the NW Guizhou district are >50 Mt (Jin, 2008; Zhou et al., 2013a), 
implicating a huge requirement of reduced S. Hence, although both TSR and 
BSR played an important role in the generation of S2-, the BSR only taken place 
before Pb-Zn mineralization at the depositional sites or in oil and gas reservoirs. 
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This is also supported by colloforms and framboids of pyrite crystals (rich in 
light S isotopes) from the Liangyan (Fig. 23) and Yunluhe deposits (Zhang et al., 
2016). 
As the variations of S isotopic compositions can reflect the degrees of 
TSR/BSR and the contributions from each S reservoirs, hence such variations 
can reveal the environments, migration paths or evolution of the hydrothermal 
systems. The δ34S values of sulfides and associated fluids increase from the 
Qingshan to Nayongzhi deposits, but decrease from the Tianqiao to 
Banbanqiao and Yinchangpo to Yunluhe deposits (Figs. 24-26). This shows 
that the contributions from marine-derived sulfate and the degrees of TSR/BSR 
were increased from the NW to the SE along the Qingshan-Shanshulin fault, 
but were decreased from the SSW to the NNE along the Yinchangpo-Yunluhe 
fault and from the SWW to the NEE along the Maozhachang-Banbanqiao fault 
(Fig. 3). In contrast, the contributions from mantle (and/or metamorphic) fluids 
were increased from the Yinchangpo to Yunluhe deposits along the 
NNE-trending fault. Hence, the migration paths or evolution of the hydrothermal 
systems were likely from west to east (namely from the Yinchangpo to Yunluhe 
and Tianqiao to Banbanqiao deposits) in the western part of the NW Guizhou 
district, as suggested by C-O isotopes (Fig. 20; see section 5.2), whereas from 
east to west (i.e. the Nayongzhi to Qingshan deposits) in the eastern part. 
 
7. Zinc isotopic compositions 
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7.1 Variations of Zn isotopic compositions 
The published Zn isotopic data of sphalerite from the Tianqiao, 
Banbanqiao and Shanshulin deposits, and ore-bearing sedimentary rocks, 
underlying basement metamorphic rocks and mantle-derived rocks of the ELIP 
in the NW Guizhou district and adjacent region (Zhou et al., 2014a, 2014b, 
2016b; He et al., 2016) are listed in Appendix Table S3 and are shown in 
Figures 28-29. 
The Pb-Zn sulfide deposits in the NW Guizhou district record Zn isotopes 
range from -0.26 to +0.71‰ (+0.28‰ on average, relative to the JMC 3-0749L 
standard). Among them, the Tianqiao and Banbanqiao deposits have δ66Zn 
values of sphalerite ranging from -0.26 to + 0.58‰ (+0.26‰ on average) and 
+0.07 to +0.71‰ (+0.42‰ on average), respectively, and the Shanshulin 
deposit has δ66Zn values of 0-+0.55‰ for sphalerite (+0.25‰ on average). 
There is a gradual increasing of δ66Zn values from generation-I (early phase) to 
generation-III (late phase) of sphalerite in the above three deposits (Fig. 28). In 
addition, from the Tianqiao to Banbanqiao deposits, the δ66Zn values are 
increased, and from the Tianqiao to Shanshulin deposits, the δ66Zn values also 
have an increased trend (Fig. 28). As compared end members, basalts of the 
ELIP have δ66Zn values ranging from +0.30 to +0.44‰ (+0.35‰ on average), 
which are similar to those of basalts worldwide (+0.32±0.16‰, Wang and Zhu, 
2010), and ore-bearing sedimentary rocks of late Ediacaran to middle Permian 
have δ66Zn values in a range of -0.24-+0.35‰ (+0.01‰ on average) that are 
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lower than that of underlying basement metamorphic rocks (δ66Zn = +0.62‰: 
He et al., 2016). 
7.2 Causes of Zn isotopic variations and sources of hydrothermal systems 
It has been documented that Zn isotopes can be used to trace the 
geochemical processes of extraction, transportation and precipitation of Zn in 
hydrothermal systems (Mason et al., 2005; Wilkinson et al., 2005; John et al., 
2008; Toutain et al., 2008; Kelley et al., 2009; Fujii et al., 2011; Gagnevin et al., 
2012; Pašava et al., 2014; Zhou et al., 2014a, 2014b, 2016b; Duan et al., 2016). 
Significant variations of Zn isotopic compositions have been reported for 
sphalerite from Pb-Zn deposits of volcanic-hosted massive sulfide 
(VHMS)-type (Mason et al., 2005), magmatic-type (Jiang et al., 2001), 
magmatic hydrothermal-type (Duan et al., 2016), sedimentary exhalative 
(SEDEX)-type (Kelley et al., 2009), Kipushi-type (Sonke et al., 2008), 
Mississippi Valley-type (MVT) (Albarède, 2004; Pašava et al., 2014; Zhou et al., 
2016b), Irish-type (Wilkinson et al., 2005; Gagnevin et al., 2012) and SYG-type 
(Zhou et al., 2014a, 2014b). These studies indicated the variations of Zn 
isotopic compositions are likely caused by (i) temperature gradients (Mason et 
al., 2005; Toutain et al., 2008), (ii) multiple Zn reservoirs (Wilkinson et al., 2005; 
He et al., 2016), or (iii) fractional crystallization (Kelley et al., 2009; Gagnevin et 
al., 2012; Zhou et al., 2014a, 2014b, 2016b). 
It has been experimentally and field documented that there is no 
correlation existing between Zn isotopic compositions and temperature 
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gradients at medium-low temperature conditions (namely <300 °C) (Maréchal 
and Sheppard, 2002; Wilkinson et al., 2005). The homogenization 
temperatures of fluid inclusions in hydrothermal minerals from the NW Guizhou 
district are mainly between 120-280 °C (Jin, 2008; Zhou et al., 2013a; Zhu et al., 
2016a; Liu et al., 2017). This means that the temperature gradients play an 
insignificant role in the variations of Zn isotopic compositions (Fig. 28). On the 
other hand, as discussed above, all the geological units (including late Permian 
Emeishan basalts, Paleozoic sedimentary rocks and Proterozoic metamorphic 
rocks) in the western Yangtze Block have the probability to supply mineralizing 
metals and associated fluids for the hydrothermal systems (Figs. 20-27). These 
source rocks have δ66Zn values ranging from -0.24 to +0.62‰, which are in 
agreement with those of sphalerite (δ66Zn = -0.26-+0.71‰) within 
measurement uncertainties (Fig. 28). Our previous thinking eliminated the 
mixing of multiple Zn sources as a crucial cause in controlling the variations of 
Zn isotopic compositions (Zhou et al., 2014a, 2014b). This is due to the 
66Zn-enriched end members, such as basement rocks, lacking constraint of Zn 
isotopes. The fluids derived from, flowed through or interacted with high δ66Zn 
values of Proterozoic metamorphic rocks (+0.62‰: He et al., 2016) should be 
rich in heavy Zn isotopes if the fractionation is negligible during the extraction of 
Zn. Hence, the mixing of multiple reservoirs can also cause the Zn isotopic 
variations. However, as suggested by stable (C-O-S, see above) and 
radiogenic (Pb-Sr, see below) isotopes, the major contributions from 
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mantle/metamorphic fluids were at early phase. Thus, the mixing of multiple Zn 
reservoirs should cause heavy Zn isotopes precipitated at early ore formation 
stage, which does not match our observations (Fig. 28). On the other hand, the 
Rayleigh fractionation has been commonly employed to explain the increasing 
of δ66Zn values from early to late phases (Gagnevin et al., 2012; Kelley et al., 
2009; Mason et al., 2005; Wilkinson et al., 2005; Zhou et al., 2014a, 2014b, 
2016b). In this study, as Zn isotopes follow the trend from lighter to heavier 
during the precipitation of sphalerite in the hydrothermal systems, so the 
fractional crystallization is likely responsible for the variations of Zn isotopic 
compositions in time and space (Zhou et al., 2014a, 2014b). 
Our recent research suggests that the ELIP played an important role in 
the ore formation of the Pb-Zn deposits in the Upper Yangtze metallogenic 
province (Zhou et al., 2018b). The average δ66Zn value (+0.28‰) of sphalerite 
is similar to that of basalts (δ66Zn = +0.32±0.16‰, Wang and Zhu, 2010), 
indicating that the sources of Zn were likely associated with mantle-derived 
rocks of the ELIP. In addition, the concentrations of Zn in the Emeishan basalts 
are 66-156 µg/g (Huang et al., 2004; Xu et al., 2001, 2007), showing that the 
ELIP has the potential to provide abundant Zn to the hydrothermal systems. 
Moreover, compared with the main types of Pb-Zn deposits worldwide, the 
δ66Zn values of the Upper Yangtze-type deposits are most similar to those of 
Irish-type ones (Fig. 29) (Wilkinson et al., 2005; Gagnevin et al., 2012). The 
hydrothermal fluids responsible for the Irish-type deposits was considered to be 
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associated with mantle (Davidheiser-Kroll et al., 2014), which is similar to that 
of the Pb-Zn deposits within the ELIP (Zhou et al., 2018b). Hence, we propose 
that the sources of Zn were most likely related to the ELIP with the diverse 
influences from sedimentary and metamorphic rocks, and the initial Zn isotopic 
compositions are controlled by the contributions from each end member. 
As the Zn isotopic variations were controlled by the fractional 
crystallization, so the increased trend of δ66Zn values can reveal the migration 
paths or evolution of the hydrothermal systems. In this study, the δ66Zn values 
gradual increase from the SWW to the NEE along the 
Maozhachang-Banbanqiao fault (Fig. 3), and from the NW to the SE along the 
Kangding-Yiliang-Ziyun fault (KYZ in Fig. 2a), indicating that the migration 
paths or evolution of hydrothermal systems were most likely from west to east, 
namely from the Tianqiao to Banbanqiao deposits and from the Tianqiao to 
Shanshulin deposits (Fig. 28), which are in agreement with the implications 
from C-O and S isotopes (Figs. 20 and 24-25; see sections 5.2 and 6.2). 
 
8. Lead isotopic compositions 
8.1 Variations of Pb isotopic compositions 
Femtosecond (fs) LA-MC-ICPMS in situ Pb isotopic data for galena 
crystals from the Maozhachang and Liangyan deposits, and previously 
reported bulk Pb isotopic data for sulfide minerals/ore in the Yinchangpo, 
Yunluhe, Fulaichang, Tianqiao, Banbanqiao, Mangdong, Shaojiwan, Qingshan, 
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Shanshulin, Nayongzhi and Guanziyao deposits (Wang, 1993; Zheng, 1994; 
Hu, 1999; Zhang et al., 1998, 2016; Liu and Lin, 1999; Fu, 2004; Tang et al., 
2012; Zhou et al., 2013a, 2013b, 2013c, 2014a, 2014b; Li et al., 2015; Jin et al., 
2015, 2016b; Xiang et al., 2015; Chen et al., 2017; Zeng et al., 2017) are listed 
in Appendix Table S4 and are displayed in Figures 30-32. 
Galena crystals from the Maozhachang and Liangyan deposits have in situ 
206Pb/204Pb ratios ranging from 18.637 to 18.775 (18.719 on average), 
207Pb/204Pb ratios from 15.767 to 15.799 (15.785 on average) and 208Pb/204Pb 
ratios from 39.228 to 39.477 (39.371 on average), which overlap with previous 
published bulk Pb isotopic data (206Pb/204Pb = 17.824-18.768, 18.355 on 
average; 207Pb/204Pb = 15.440-15.920, 15.695 on average; and 208Pb/204Pb = 
37.896-39.641, 38.730 on average). As shown in the Figure 30, all the Pb 
isotopic data plot into two groups. In addition, Pb isotopic ratios of the 
Yinchangpo deposit cover the range of Pb isotopic data for the Yunluhe deposit 
(Fig. 31a, b). However, from the Maozhachang to Banbanqiao (Fig. 31c-d), 
Liangyan to Yunluhe (Fig. 31e-f) and Qingshan to Nayongzhi deposits (Fig. 
31g-h), the Pb isotopic ratios of sulfides are gradually decreased. 
8.2 Sources of Pb and evolution of hydrothermal systems 
The extremely low U and Th contents in sulfide minerals (Carr et al., 1995; 
Muchez et al., 2005; Pass et al., 2014; Zhou et al., 2016a, 2018a) imply that the 
Pb isotopic ratios of sulfides are approximate to their corresponding 
hydrothermal fluids. This enables us to use the Pb isotopes of sulfides to 
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determine the sources, migration paths or evolution of hydrothermal systems. 
All the Pb isotopic data plot into the field that crosscuts the Pb evolution 
curves of mantle, orogenic belt and upper continental crust in the Figure 32a 
(Zartman and Doe, 1981), exhibiting that the sources of Pb are complex. Such 
field also crosscuts those of modern main reservoirs (lower crust, oceanic 
island volcanic rocks and pelagic sediments; Fig. 32a-b; Zartman and Doe, 
1981), further showing that Pb was likely derived from multiple sources. 
It has been documented that there are at least three main potential metal 
sources in the Upper Yangtze Pb-Zn metallogenic province, i.e. mantle-derived 
rocks of the ELIP, Paleozoic ore-bearing sedimentary rocks and Proterozoic 
underlying basement metamorphic rocks (Zheng and Wang, 1991; Zhou et al., 
2001, 2013a; Huang et al., 2004; Li et al., 2007, 2015, 2016; Zhang et al., 
2015b; Jin et al., 2016b; Zhu et al., 2017). Compared with the ore formation 
age-corrected (245-200 Ma, peaked at 200 Ma; see section 9.1) Pb isotopic 
ratios of Emeishan basalts and affinal diabase, sedimentary rocks, and 
basement rocks, the Pb isotopic ratios of sulfide minerals/ore are overlapping 
with all of them (Fig. 32a). This means that all the source rocks have the 
potential to provide Pb to the hydrothermal systems. However, there are clearly 
two groups of all the Pb isotopic data in Figure 30, suggesting that there may be 
two main sources of Pb. In addition, the concentrations of Pb in the Emeishan 
basalts are only 3-30 µg/g (Huang et al., 2004; Xu et al., 2001, 2007), 
displaying that the mantle-derived rocks do not have the potential to provide a 
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mass of Pb to the hydrothermal systems. In contrast, the Emeishan basalts 
contain 6-323 µg/g Cu (Huang et al., 2004; Xu et al., 2001, 2007), and the main 
sources of Zn and other metals were associated with the ELIP as evidenced by 
the occurrence of multiple Cu and Ni sulfide minerals (Zhou et al., 2018b), and 
C-O (Fig. 21), S (Fig. 27) and Zn isotopes (Figs. 28-29). Hence, the main 
sources of Pb are basement and sedimentary rocks, but having the various 
contributions from the ELIP locally. 
In addition, Pb isotopic ratios of sulfides gradual decrease from the 
Maozhachang to Banbanqiao (Fig. 31c-d), Liangyan to Yunluhe (Fig. 31e-f) 
and Qingshan to Nayongzhi deposits (Fig. 31g-h), revealing that the 
contributions of Pb from the basement rocks are gradually increasing, and the 
migration paths or evolution of the hydrothermal systems were likely from west 
to east in the western part of the NW Guizhou district, namely from the Yunluhe 
to Liangyan deposits along the NW-trending fault, whereas from east to west 
along the Qingshan-Shanshulin and Maozhachang-Banbanqiao fault in the 
eastern part (Fig. 3), as suggested by S isotopes (see above). 
 
9. Rubidium-Sr isotopic compositions and dating 
9.1 Variations of Rb-Sr isotopic compositions 
Bulk Rb-Sr isotopic data for hydrothermal minerals and ores in the 
Yinchangpo, Tianqiao, Shaojiwan, Qingshan and Shanshulin deposits, and 
whole-rock of Proterozoic metamorphic rocks, late Ediacaran to middle 
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Permian sedimentary rocks and late Permian Emeishan basalts in the NW 
Guizhou district and adjacent area (Cong, 1988; Li and Qin, 1988; Chen and 
Ran, 1992; Gu, 1997; Hu, 1999; Deng et al., 2000; Huang et al., 2004; Jiang 
and Li, 2005; Shi et al., 2013; Zhou et al., 2013a, 2013b, 2013c, 2014b; Dou et 
al., 2014) are listed in Appendix Table S5 and are exhibited in Figures 33-34. 
Hydrothermal minerals/ores have Rb and Sr concentrations ranging from 
0.03 to 13.5 µg/g (0.943 µg/g on average) and 0.5 to 338 µg/g (1835 µg/g on 
average), respectively, and have 87Rb/86Sr and 87Sr/86Sr ratios (Fig. 33a) 
ranging from 0.001 to 1.564 (0.223 on average) and 0.7107 to 0.7256 (0.7131 
on average), respectively. Most of these Rb-Sr isotopic data did not yield 
isochron age, only five sulfides from the Tianqiao deposit record an isotopic age 
of 192±7 Ma (Fig. 33b; Zhou et al., 2013a). There is a gradually decreasing of 
87Sr/86Sr ratios for sulfide minerals/ores from the Yinchangpo to Tianqiao and 
Shaojiwan, and then to Qingshan and Shanshulin deposits along the regional 
Kangding-Yiliang-Ziyun fault (KYZ in Fig. 2a, Figs. 3 and 33a). 
On the other hand, ore-bearing sedimentary rocks have Rb and Sr 
concentrations of 0.005-15.2 µg/g (1.692 µg/g on average) and 23.5-350 µg/g 
(141.6 µg/g on average), respectively, and have 87Rb/86Sr and 87Sr/86Sr ratios 
of 0.0001-0.7365 (0.076 on average) and 0.7073-0.7174 (0.7098 on average) 
(Fig. 33a). Compared with the 87Sr/86Sr ratios of hydrothermal minerals/ores, 
the sedimentary rocks have lower 87Sr/86Sr ratios (0.7073-0.7105) with the 
exception of early Permian shale (87Sr/86Sr = 0.7174) and middle Devonian 
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sandstone (87Sr/86Sr = 0.7132) (Fig. 33a). 
9.2 Timing of Pb-Zn mineralization 
Although the real status of Rb and Sr in sphalerite is still unclear, sphalerite 
Rb-Sr isotope system is the most reliable constraint on ore formation ages of 
base metal sulfide deposits due to lacking of suitable minerals and dating 
methods (Nakai et al., 1990; Brannon et al., 1992; Christensen et al., 1995; Li et 
al., 2005; Zhou et al., 2015). However, Rb-Sr dating of sphalerite is very difficult. 
Only a few sulfides Rb-Sr isochron ages for the Pb-Zn deposits in the western 
Yangtze Block were reported. For example, Yin et al. (2009) and Zhang et al. 
(2014b) reported sphalerite Rb-Sr isochron ages of 226-224 Ma and 196±2 Ma 
for the Huize deposit, respectively. Sphalerite from the Paoma, Lehong and 
Jinshachang deposits records Rb-Sr isochron ages of 200±1 Ma (Lin et al., 
2010), 201±8 Ma (Zhang et al., 2014b) and 207±4 Ma (Zhou et al., 2015), 
respectively. Such ages match well with calcite/fluorite Sm-Nd isochron ages 
(Huize: 226-225 Ma, Li et al., 2007; Maozu: 196±13 Ma, Zhou et al., 2013e; 
Jinshachang: 201±6 Ma, Zhang et al., 2015b), and broadly match with those of 
basalt-hosted native Cu deposits (231-225 Ma: Zhu et al., 2007), Carlin-type Au 
deposits (235-204 Ma: Chen et al., 2015a) and detritus (~230-206 Ma) in the 
Songpan-Ganzê Orogenic Belt that are resulted from collision with the western 
Yangtze Block during late Triassic (Enkelmann et al., 2007). Thus, 230-200 Ma 
were considered to be the credible ore formation ages in the Upper Yangtze 
Pb-Zn metallogenic province (Zhou et al., 2014b; Hu et al., 2017). On the other 
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hand, according to the Pb model ages, Guan and Li (1999) calculated that 
some Pb-Zn deposits in the western Yangtze Blocks were likely formed at ~245 
Ma. Moreover, our recent research suggested that the formation of some Pb-Zn 
deposits is related to the ELIP and Indosinian orogeny, and the ore formation 
ages were most likely between 250 and 200 Ma (Zhou et al., 2018b). Hence, 
we propose that the Pb-Zn deposits in the Upper Yangtze metallogenic 
province were most likely formed during Early Mesozoic (245-190 Ma), and can 
be divided into two main episodes, which are corresponding to early Triassic 
(245-220Ma) and early Jurassic (215-190 Ma), respectively. The first episode of 
Pb-Zn mineralization was mainly occurred in the western part of the Upper 
Yangtze metallogenic province, whereas the second one is dominated in the 
eastern part (the NW Guizhou district in this study). 
9.3 Sources and evolution of hydrothermal systems 
Strontium (Sr) isotopes have been widely used to trace the sources, 
migration paths or evolution of hydrothermal fluids (Zheng and Wang, 1991; 
Yang and Zhou, 2001; Gromek et al., 2012; Deng et al., 2015; Beaudoin and 
Chiaradia, 2016). However, before using Sr isotopes of hydrothermal minerals, 
we need to obtain their initial 87Sr/86Sr ratios (Deng et al., 2000; Zhou et al., 
2013a; Gromek et al., 2012). As discussed above, the Pb-Zn deposits in the 
NW Guizhou district were most likely formed during 215-190 Ma (peaked at 200 
Ma), so 200 Ma was used to calculate the initial 87Sr/86Sr ratios of minerals/ores 
and potential source rocks (Huang et al., 2004; Zhou et al., 2014b; Tan et al., 
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2017). Hydrothermal minerals and sulfide/oxidized ores have 87Sr/86Sr200 Ma 
ratios ranging from 0.7099 to 0.7255 (0.7125 on average), which are 
significantly higher than those of the age-corrected Emeishan basalts (Fig. 34; 
87Sr/86Sr200 Ma = 0.7039-0.7078, 0.7058 on average: Huang et al., 2004) and 
upper mantle (0.704 ± 0.002: Faure, 1977), but overlap with those of 
age-corrected basement rocks (Fig. 34; 87Sr/86Sr200 Ma = 0.7243-0.7288; Cong, 
1988 Li and Qin, 1988; Chen and Ran, 1992) and sedimentary rocks (Fig. 34; 
87Sr/86Sr200 Ma = 0.7073 to 0.7166, 0.7097 on average: Hu, 1999; Deng et al., 
2000; Shi et al., 2003; Jiang and Li, 2005; Zhou et al., 2013b, 2014b). Such Sr 
isotope signatures indicate that the hydrothermal fluids were likely derived from, 
flowed through or interacted with basements and sedimentary rocks, and 
having the diverse influences from the ELIP. 
Furthermore, as the basement rocks contain high radiogenic Sr, so the 
gradually decreased initial 87Sr/86Sr ratios from the Yinchangpo to Tianqiao and 
Shaojiwan, and then to Qingshan and Shanshulin deposits (Figs. 33-34), 
suggesting the contributions from basements are gradual decreased from west 
to east. This means that the migration paths or evolution of hydrothermal 
systems were most likely from west to east, namely from the Tianqiao to 
Shaojiwan and Qingshan, then to Shanshulin deposits along the NW-trending 
Kangding-Yiliang-Ziyun fault (KYZ in Fig. 2a). This is also supported by C-O 
(Fig. 20), Zn (Fig. 28) and Pb (Fig. 31) isotopes. 
 
  
54 
 
10. Ore genesis and a new genetic model 
10.1 Ore genesis and relationship with the ELIP 
Pb-Zn deposits in the NW Guizhou district spatially coexist with 
mantle-derived Emeishan basalts and mafic dikes (Figs. 2b, 3, 13a, 15a and 
19a), which led some researches to classify them as a distal 
magmatic-hydrothermal type (Xie, 1963; Huang et al., 2004; Xu et al., 2014). 
Other lines of evidence for the linkage of Pb-Zn mineralization to Emeishan 
magmatism include the occurrence of hidden basalts-hosted Pb-Zn veins in the 
NE Yunnan district (Liu and Lin, 1999; Huang et al., 2004) and the 
mineralogical record of diverse Cu/Ni sulfides coexisted with Pb-Zn sulfides in 
the Fule and other deposits (Zhou et al., 2018b). In contrast, sulfide ore bodies 
of Pb-Zn deposits in the NW Guizhou district occur in stratiform to lentiform 
shapes or veins that are clearly stratabound (Figs. 5b, 7b, 9b, 11b, 13b, 15b, 
17b, and 19b), which led other researchers to classify them as a sedimentary 
exhalative (SEDEX)-type or sedimentary reworking-type (e.g. Zhang et al., 
1998; Jin, 2008; Chen et al., 2015b). However, sulfide ore bodies of Pb-Zn 
deposits in the studied district are hosted by dolostone and limestone of late 
Ediacaran to middle Permian, which significantly differ from clastic rocks that 
host sulfide ore bodies of SEDEX-type (Leach et al., 2005). Additionally, these 
deposits were also considered to be an example of Mississippi Valley-type 
(MVT) mineralization (Zhang et al., 2015b; Jin et al., 2016b; Chen et al., 2017). 
The classical MVT deposits occur within extensional zones inboard of orogenic 
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belts and lack spatially or genetically associated with igneous activities, and the 
formation of them is related to basinal brines, which are characterized by low 
temperatures (50-200 °C) and high salinities (10-30 wt. % NaCl equiv.) (Leach 
et al., 2005, 2010; Wilkinson, 2010). However, Pb-Zn deposits in the NW 
Guizhou district occurs within compressional zones (reverse fault-anticline 
tectonic systems) of passive margin tectonic settings (western Yangtze Block), 
and has spatial and genetic (thermal flow, volatiles and fluids) association with 
the ELIP (Figs. 2a-b, 20-34; Zhou et al., 2018b). Moreover, these deposits are 
characterized by high ore grades (> 10 wt. % Pb + Zn), high concentrations of 
associated elements (Cu, Ag, Ge, Ga and Cd), and medium-low temperatures 
(<300 °C) and salinities (<20 wt. % NaCl equiv.) (e.g. Jin, 2008; Zhou et al., 
2013a, 2013b, 2014a, 2014b, 2018b; Jin et al., 2016b; Zhu et al., 2016a). 
Furthermore, recent researches shown that there are existing indirect links with 
sediment-hosted base metal sulfide deposits (such as MVT and SEDEX-type) 
and mantle plumes (Pirajno, 2000; Xu et al., 2014; Davidheiser-Kroll et al., 
2014; Zhou et al., 2018b). For example, in the Irish Pb-Zn ore district, 
hydrothermal fluids responsible for the Irish-type carbonate-hosted base metal 
deposits were considered to be driven by mantle heat (Davidheiser-Kroll et al., 
2014). In this study, we find that the ELIP plays a crucial role in the formation of 
these Pb-Zn deposits in the Upper Yangtze province, for specific performance 
in: (i) the thermal flow and volatiles generated by the ELIP elevated the 
background geothermal gradient, and the ELIP began to release fluids at ~5-10 
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Ma after its basalts underplating and eruption, and this process can last over 
~50 Ma as suggested by thermal simulation (Xu et al., 2014). Such time exactly 
covers the ore-forming ages of basalts-hosted native Cu deposits (230-225 Ma; 
Zhu et al., 2007), Carlin-type Au deposits (235-204 Ma; Chen et al., 2015) and 
carbonate-hosted Pb-Zn deposits (245-190 Ma; Zhou et al., 2013a, 2013e, 
2015, 2018b; Zhang et al., 2015b); (ii) if we consider the Pb-Zn deposits as a 
consequence of Indosinian tectonism (~257-200 Ma: Carter et al., 2001; 
Lepvrier et al., 2004; Enkelmann et al., 2007; Reid et al., 2007; Pullen et al., 
2008), then it makes sense that the ELIP-related fluids could pass through the 
carbonate rocks and be involved in the mineralization, as evidenced by C-O 
(Figs. 20-21), S (Figs. 24-25 and 27), Zn (Figs. 28-29), Pb (Fig. 32) and Sr 
isotopes (Fig. 34). Hence, we propose that carbonate-hosted epigenetic Pb-Zn 
deposits in the western Yangtze Block are not a typical MVT mineralization and 
represent a new unique type of Pb-Zn deposits that are related to the ELIP 
(Table 2), which are named as the Upper Yangtze-type (previously known as 
SYG-type: Zhou et al., 2013a, 2014b). 
In summary, the Upper Yangtze-type Pb-Zn deposits generally place in 
platform carbonate sequences and are typically occurred within compressional 
zones of passive margin tectonic settings. They have spatial and genetic 
association with a large igneous province, and are characterized by high ore 
grades (>10 wt. % Pb + Zn), high concentrations of associated metals (e.g. Cu, 
Ag, Ge, and Cd), and medium-low temperatures (usually <300 °C) and 
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salinities (commonly <20 wt. % NaCl equiv.). 
10.2 A new genetic model 
Integrating all the information, we propose a new “sandwich” model for 
Pb-Zn deposits in the Upper Yangtze metallogenic province (Fig. 35). This 
model can be described as follows: (i) underplating and eruption of basalts of 
the ELIP at ~260 Ma (Zhou et al., 2002; Shellnutt, 2014) provided thermal flow, 
volatiles (including H2S, CO2 and H2O) and fluids (containing Zn and Cu), and 
elevated background geothermal gradient, both of which facilitated and 
enhanced the mobilization and extraction of mineralizing metals (e.g. Pb, Zn, 
and Ag) from basement rocks, and formed initial mixing of mantle and 
metamorphic fluids. These metal-rich fluids were driven upward along regional 
deep faults (for example KYZ in Fig. 2a) by mantle heat of the ELIP (Fig. 35a); 
(ii) during Early Mesozoic (245-190 Ma), the overall tectonic regimes shifted 
from extension to compression, and then to extension again (Carter et al., 2001; 
Reid et al., 2007; Lepvrier et al., 2008; Qiu et al., 2016; Hu et al., 2017a, 2017b; 
Zhou et al., 2018b), causing the initial metal-rich fluids flowed through or 
interacted with multiple lithostratigraphic units between late Permian Emeishan 
flood basalts and Proterozoic basement rocks. These metal-rich fluids were 
released into secondary structural units (for example fault-fold tectonic 
systems), and were trapped by late Ediacaran to middle Permian sedimentary 
strata (i.e. platform carbonate sequences) that are rich in organic matters, and 
some of which contain evaporites (parts of them had been reduced by BSR). 
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Similarly, the multiple S species-bearing solutions were migrated, released, 
trapped and mixed with metal-rich fluids at the mineralized sites (Fusswinkel et 
al., 2013; Zhou et al., 2013d; Liu et al., 2017). Under the coupling of “structures 
(reverse fault-anticline), lithofacies (platform carbonate sequences) and fluids 
(metal-rich fluids and S-bearing solutions)”, through the processes of TSR, W/R 
interaction and CO2 degassing (carbonate buffer), causing the continuous and 
huge precipitation of hydrothermal minerals, and forming the high grade Upper 
Yangtze Pb-Zn metallogenic province (Fig. 35b) (Zhou et al., 2018b). The 
Emeishan flood basalts also acted as an impermeable and protective layer, and 
even as ore-hosting rocks. In addition, the migration paths or evolution of the 
hydrothermal systems were mainly from west and east to center, namely the 
mantle/metamorphic-derived metal-rich fluids were migrated from west to east, 
whereas the strata-derived S-bearing solutions were transported from east to 
west, both of which were released, trapped and mixed at the depositional sites 
that are rich in reduction geochemical barrier (such as organic matters). The S 
sourced from metamorphic and mantle reservoirs may be trapped at the 
mineralized areas before metal-rich fluids arrived. 
 
11. Conclusions 
(1) More than 400 Pb-Zn deposits in SW China define the giant Upper Yangtze 
Pb-Zn metallogenic province and formed during Early Mesozoic. 
(2) Ore-hosting carbonate rocks, mantle-derived rocks of the ELIP and organic 
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matters within ore-bearing sedimentary strata jointly supplied C and O to the 
ore-forming fluids. 
(3) Multiple sources for S, and the reduction of marine-derived sulfate by both 
abiotic thermochemical (TSR) and bacterially mediated (BSR) processes were 
key to the formation of these deposits. 
(4) Zn was mainly sourced from ELIP rocks, and minor from sediments and 
basements. Variations of Zn isotopes were associated with the evolution of 
fluids during sphalerite precipitation. 
(5) Pb was mainly sourced from basement rocks and ore-bearing sedimentary 
rocks with variable contributions from ELIP rocks. 
(6) The carbonate-hosted epigenetic Pb-Zn deposits in the NW Guizhou district 
are the mixed products of multiple S species-bearing fluids and metal-rich fluids, 
both of which were derived from, flowed through or interacted with multiple 
lithostratigraphic units, including basement rocks, ore-bearing sedimentary 
rocks, and overlying basalts and other ELIP rocks. 
(7) The Upper Yangtze Pb-Zn metallogenic province formed in platform 
carbonate sequences, occurs within compressional zones of passive margin 
tectonic settings, and is genetically related to a large igneous province, different 
from typical MVT deposits. 
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Figure captions 
Fig.1 a: Global distribution of carbonate-hosted stratabound epigenetic Pb-Zn 
ore districts and deposits (modified from Taylor et al., 2009; Zhang et al., 
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2015a); b: Distribution of carbonate-hosted stratabound epigenetic Pb-Zn 
deposits in China (modified from Wang et al., 2014; Zhang et al., 2015a). 
 
Fig. 2 a: Regional geological setting of South China; b: Geological sketch map 
of the Upper Yangtze carbonate-hosted stratabound epigenetic Pb-Zn 
metallogenic province (modified from Liu and Lin, 1999; Yan DP unpublished 
map). 
 
Fig. 3 Geological sketch map of the NW Guizhou district (modified from Zhu et 
al., 2016a; Zhou et al., 2018a). 
 
Fig. 4 Integrated histogram of strata and their concise lithologies in the NW 
Guizhou district (modified from Jin, 2008). 
 
Fig. 5 a: Geological sketch map of the Maozhachang Pb-Zn deposit (modified 
from Jin, 2008); b: Cross-section map of No. 48 exploration line (modified from 
Jin, 2008). 
 
Fig. 6 Photographs of field, hand specimens and microscope; a: massive 
sulfide ore, sphalerite occurs in massive shapes and dolomite/calcite presents 
as veins; b: massive sulfide ore, sphalerite, pyrite and galena occur in massive 
types; c: pyrite forms massive aggregations and dolomite/calcite occurs as 
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veins; d: massive sulfide ore, sphalerite, pyrite and galena occur in massive 
shapes; e: dolomite/calcite occurs as fragments fill the fracture of sphalerite, 
pyrite and galena massive aggregations; f: sphalerite, pyrite and 
dolomite/calcite occurs as veinlets or fragments in carbonate rocks; g: galena 
and dolomite/calcite fill the fractures of sphalerite; h: granular pyrite enclosed 
by dolomite/calcite that coexists with sphalerite; i: dolomite and galena veins fill 
the fractures of sphalerite. Sp=sphalerite; Py=pyrite; Gn=galena; Dol=dolomite; 
Cal=calcite. 
 
Fig. 7 a: Geological sketch map of the Tianqiao Pb-Zn deposit (modified from 
Jin, 2008; Zhou et al., 2013a); b: Cross-section map of No. 5 exploration line 
(modified from Jin, 2008; Zhou et al., 2014a). 
 
Fig. 8 Photographs of hand specimens, microscope and EPMA; a-b: massive 
sulfide ore, sphalerite, pyrite and galena occur in massive shapes; c: massive 
sulfide ore, sphalerite, pyrite and galena occur in massive types and coexists 
dolomite/calcite; d: granular pyrite and galena enclosed by sphalerite that is 
filled by calcite; e: Zn elemental mapping; f: light yellow sphalerite; g: galena 
veinlets fill the fractures of sphalerite; h: energy spectrum diagram of sphalerite; 
i: brown yellow sphalerite; j: brownish-red sphalerite. Sp=sphalerite; Py=pyrite; 
Gn=galena; Dol=dolomite; Cal=calcite. 
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Fig. 9 a: Geological sketch map of the Banbanqiao Pb-Zn deposit (modified 
from Zhou et al., 2014a; Li et al., 2015); b: Cross-section map of No. 5 
exploration line (modified from Zhou et al., 2014a; Li et al., 2015). 
 
Fig. 10 Photographs of field, hand specimens and microscope; a: the 
NEE-trending Maozhachang-Banbanqiao regional fault; b: oxidized ore; c: 
dense disseminated sulfide ore, sphalerite and galena occur as aggregation 
shapes, quartz fragments fill the fractures of them; d: dense disseminated 
sulfide ore; e: dense disseminated sulfide ore, sphalerite and galena form 
aggregations, calcite fragments fill the fractures of them; f: disseminated sulfide 
ore, sphalerite and galena present in aggregation types and are cemented by 
calcite; g: granular galena and calcite are enclosed by sphalerite that displays 
zones of color; h: calcite encloses galena and fills the fractures of sphalerite, 
which shows color’s zones; i: calcite fills the fractures of sphalerite that exhibits 
color zoning. Sp=sphalerite; Py=pyrite; Gn=galena; Dol=dolomite; Cal=calcite; 
Qtz=quartz. 
 
Fig. 11 a: Geological sketch map of the Mangdong-Shaojiwan Pb-Zn deposits 
(modified from Jin, 2008; Zhou et al., 2013b); b: A-B cross-section map 
(modified from Jin, 2008; Zhang et al., 2011; Zhou et al., 2013b). 
 
Fig. 12 Photographs of field, hand specimens and microscope; a: massive 
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sulfide ore and its relationship with carbonate rocks; b: drill hole reveals the 
relationship between massive sulfide ore and carbonate rocks; c: massive 
sulfide ore, sphalerite and galena occur as aggregation shapes, calcite 
fragments fill the fractures of them; d: massive sulfide ore, sphalerite, pyrite and 
galena occur as aggregation types, calcite fragments fill the fractures of them; e: 
massive sulfide ore, sphalerite, and pyrite form aggregations, Cal fragments fill 
the fractures of them; f: massive sulfide ore, sphalerite presents as aggregation 
types, calcite fragments fill the fractures of sphalerite; g: energy spectrum 
diagram of As-bearing pyrite; h: energy spectrum diagram of sphalerite; i: 
energy spectrum diagram of galena; j: granular sphalerite coexists with galena 
and calcite. Sp=sphalerite; Py=pyrite; Gn=galena; Cal=calcite. 
 
Fig. 13 a: Geological sketch map of the Qingshan Pb-Zn deposit (modified from 
Jin, 2008; Zhou et al., 2013c); b: A-B cross-section map (modified from Jin, 
2008; Zhou et al., 2013c). 
 
Fig. 14 Photographs of field, hand specimens and microscope; a: fault within 
carbonate rocks; b: massive sulfide ore, sphalerite, pyrite and galena form 
aggregations, calcite fragments fill the fractures of them; c: massive sulfide ore, 
sphalerite and galena occur as aggregation shapes, calcite fragments fill the 
fractures of them; d: sphalerite coexists with pyrite and galena, all of which are 
filled or cemented by calcite; e: energy spectrum diagram of sphalerite; f: 
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energy spectrum diagram of Cr-bearing pyrite; g: energy spectrum diagram of 
calcite; h: massive sulfide ore, sphalerite and galena occur as aggregation 
types, calcite fragments fill the fractures of them. Sp=sphalerite; Py=pyrite; 
Gn=galena; Cal=calcite. 
 
Fig. 15 a: Geological sketch map of the Shanshulin Pb-Zn deposit (modified 
from Jin, 2008; Zhou et al., 2014b); b: A-B cross-section map (modified from Jin, 
2008; Zhou et al., 2014b). 
 
Fig. 16 Photographs of field, hand specimens and microscope; a: massive 
sphalerite, and dolomite/calcite veins and veinlets within carbonate rocks; b-c: 
massive sphalerite, and dolomite/calcite fragments and veinlets within 
carbonate rocks; d: massive sphalerite and galena within carbonate rocks; e: 
massive sulfide ore, sphalerite and galena display massive aggregate 
structures and calicte occurs an veinlets; f: massive sulfide ore, sphalerite and 
galena occur in aggregation shapes and calcite fragments fill the fractures of 
them; g: barite and calicte fill the fractures of sphalerite, and calcite encloses 
pyirte; h: Cal fragments are enclosed by dolomite; i: pyrite fragments, and barite 
and calcite veinlets fill the fractures of sphalerite. Sp=sphalerite; Py=pyrite; 
Gn=galena; Dol=dolomite; Cal=calcite; Bar=barite. 
 
Fig. 17 a: Geological sketch map of the Wuzhishan region (modified from Jin et 
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al., 2016b; Zhou et al., 2018a); b: Cross-section map of No. 17 exploration line 
in the Nayongzhi mining area (modified from Jin et al., 2016b; Zhou et al., 
2018a). 
 
Fig. 18 Photographs of hand specimens and microscope; a-b: dense 
disseminated ore, sphalerite occurs as aggregates within wall rocks and calcite 
cements them; c-d: sphalerite veinlets cement carbonate breccia and calcite 
fragments fill the fractures of carbonate rocks; e: sphalerite exhibits 
disseminated structure cement carbonate breccia; f: dolomite/calcite fragments 
within sphalerite and galena veins; g: sphalerite and dolomite/calcite cement 
carbonate breccia; h: dolomite/calcite fragments within sphalerite that cements 
carbonate breccia; i: calcite veinlets and galena fragments fill the fractures of 
sphalerite; j: calcite, dolomite, pyrite and galena fragments fill the fractures of 
sphalerite; k: calcite fragments are enclosed by dolomite that coexists with 
sphalerite and galena. Sp=sphalerite; Py=pyrite; Gn=galena; Dol=dolomite; 
Cal=calcite. 
 
Fig. 19 a: Geological sketch map of the Guanziyao region (modified from Zeng 
et al., 2017); b: A-B cross-section map in the Guanziyao mining area (modified 
from Zeng et al., 2017). 
 
Fig. 20 Comparison plots of C (a) and O (b) isotopic compositions among 
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syn-ore calcite/dolomite, post-ore calcite/dolomite, altered dolostone, and fresh 
dolostone/limestone in the studied region and adjacent area (Chen, 1986; 
Wang, 1996; Mao et al., 1998; Zhang et al., 1998; Hu, 1999; Mao, 2000; Dou 
and Zhou, 2013; Zhou et al., 2013a, 2013c, 2014b; Li et al., 2015; Jin et al., 
2016a), and mantle (Taylor et al., 1967; Demény et al., 1998), marine 
carbonate rocks (Veizer and Hoefs, 1976) and sedimentary organic matters 
(Kump and Arthur, 1999; Hoefs, 2009). 
 
Fig. 21 Diagram of δ13C vs. δ18O of syn- and post-ore calcite/dolomite, as well 
as altered and fresh dolostone/limestone in the studied region and adjacent 
area (Chen, 1986; Wang, 1996; Mao et al., 1998; Zhang et al., 1998; Hu, 1999; 
Mao, 2000; Dou and Zhou, 2013; Zhou et al., 2013a, 2013c, 2014b; Li et al., 
2015; Jin et al., 2016a), and mantle (Taylor et al., 1967; Demény et al., 1998), 
marine carbonate rocks (Veizer and Hoefs, 1976) and sedimentary organic 
matters (Kump and Arthur, 1999; Hoefs, 2009). 
 
Fig. 22. Diagram of δ13C vs. δ18O for calcite/dolomite precipitated though W/R 
interaction with different R/W ratios and temperatures (400–50 °C) for either 
HCO3
– or H2CO3 as the dominant C species (after Zheng and Hoefs, 1993), 
showing the position of syn-ore calcite/dolomite. Initial fluids: δ13C = -2‰, 
δ18O = +9‰. Δ = δirock − δ
f
rock; I: Δ
13C = +0.2‰, Δ18O = +2‰; II: Δ13C = +1‰, 
Δ18O = +6‰; III: Δ13C = +2‰, Δ18O = +10‰. 
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Fig. 23. NanoSIMS in situ S isotopic compositions of pyrite crystals from the 
Maozhachang and Liangyan Pb-Zn deposits, and their 34S, 75As, 208Pb32S and 
197Au micro-scale isotope mapping. 
 
Fig. 24. A histogram of δ34S values for sulfides from the chosen Pb-Zn deposits 
in the NW Guizhou district. Data are sourced from Chen (1986), Zhang et al. 
(1998, 2011, 2016), Hu (1999), Liu and Lin (1999), Fu (2004), Gu (2007), Jin 
(2008), Zhou et al. (2013d, 2014a, 2014b), Li et al. (2015), Xiang et al. (2015), 
Jin et al. (2016b), Chen et al. (2017) and Liu et al. (2017). 
 
Fig. 25. A comparison plot of S isotopic compositions of sulfides among these 
chosen Pb-Zn deposits. The sources of data are the same to those in Figure 
23. 
 
Fig. 26 Plot of δ34S vs. Δ34S for the coexisting sphalerite-galena pairs (after 
Zhou et al., 2013d; Liu et al., 2017). 
 
Fig. 27. A comparison plot of S isotopic compositions among sulfides from 
chosen Pb-Zn deposits, barite within evaporites, coeval seawater sulfate, 
mantle-derived S, and metamorphic rocks/fluids. The sources of data of 
sulfides and barite are the same to those in Figure 23, other data are sourced 
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from Claypool et al. (1980), Chaussidon et al. (1989), Seal et al. (2000), Seal 
(2006) and Hoefs (2009). 
 
Fig. 28. The variation of Zn isotopes of sphalerite from chosen Pb-Zn deposits 
and whole-rock of Emeishan basalts, sedimentary rocks and metamorphic 
rocks. Data are sourced from Zhou et al. (2014a, 2014b, 2016b) and He et al. 
(2016). 
 
Fig. 29. A comparison plot of Zn isotopic compositions between the main types 
of Pb-Zn deposits worldwide and basalts. Data are sourced from Jiang et al. 
(2001), Albarède (2004), Mason et al. (2005), Wilkinson et al. (2005), Sonke et 
al. (2008), Kelley et al. (2009), Wang and Zhu (2010), Gagnevin et al. (2012), 
Pašava et al. (2014), Duan et al. (2016), He et al. (2016) and Zhou et al. 
(2016b). 
 
Fig. 30. Plots of 207Pb/204Pb vs. 206Pb/204Pb (a), 208Pb/204Pb vs. 206Pb/204Pb (b) 
and 207Pb/206Pb vs. 208Pb/206Pb for sulfide minerals and ore, sedimentary rocks 
and diabase (c). Data are sourced from Wang (1993), Zheng (1994), Hu (1999), 
Zhang et al. (1998, 2016), Liu and Lin (1999), Fu (2004), Tang et al. (2012), 
Zhou et al. (2013a, 2013b, 2013c, 2014a, 2014b), Li et al. (2015), Jin et al. 
(2015, 2016b), Xiang et al. (2015), Bao et al., 2017; Chen et al. (2017), Kong et 
al., 2017; and Zeng et al. (2017). 
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Fig. 31. Comparison plots of 207Pb/204Pb vs. 206Pb/204Pb (a, c, e and g) and 
208Pb/204Pb vs. 206Pb/204Pb (b, d, f and h) among Pb-Zn deposits selected from 
different ore-forming tectonic belts in the NW Guizhou district. The sources of 
data are the same to those in Figure 30. 
 
Fig. 32. Comparison plots of 207Pb/204Pb vs. 206Pb/204Pb (a) and 208Pb/204Pb vs. 
206Pb/204Pb (b) among Pb-Zn deposits, sedimentary rocks, metamorphic rocks 
and igneous rocks in the studied district and adjacent area, and evolution lines 
and modern fields of upper crust, lower crust, orogene, and mantle. The 
sources of data of Pb-Zn deposits and rocks are the same to those in Figure 30. 
Solid lines enclose 80% of all data points for each field, and dashed lines 
enclose probable average values (Zartman and Doe, 1981). 
 
Fig. 33. a: A comparison plot of 87Sr/86Sr between hydrothermal minerals and 
sedimentary rocks. Data are sourced from Gu (1997), Hu (1999), Deng et al. 
(2000), Huang et al. (2004), Jiang and Li (2005), Shi et al. (2013), Zhou et al. 
(2013a, 2013b, 2013c, 2014b), Dou et al. (2014) and Kong et al., 2017; b: Plot 
of sulfide Rb-Sr isochron age for the Tianqiao Pb-Zn deposit (after Zhou et al., 
2013a). 
 
Fig. 34. A comparison plot of 87Sr/86Sr 200Ma among hydrothermal minerals, 
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sedimentary rocks, metamorphic rocks, upper mantle and Emeishan basalts. 
The sources of data are the same to those in Figure 32, other data are sourced 
from Faure (1977), Cong (1988), Li and Qin (1988), Chen and Ran (1992) and 
Kong et al., 2017. 
 
Fig. 35. A new “sandwich” genetic model proposed for the Upper Yangtze 
Pb-Zn metallogenic province, SW China. 
a: at~260 Ma, underplating and eruption of basalts of the ELIP (Zhou et al., 
2002; Shellnutt, 2014) provided mantle fluids, and elevated background 
geothermal gradient and heat flow in the western Yangtze Block, both of which 
facilitated and enhanced the mobilization and extraction of metals from the 
Proterozoic basement rocks, and formed initial mixed mantle and metamorphic 
fluids. These initial fluids were driven upward along regional faults by mantle 
heat of the EILP; b: during 245-200 Ma, the overall tectonic regimes shifted 
from extension to compression, and then to extension again (Carter et al., 2001; 
Reid et al., 2007; Lepvrier et al., 2008; Qiu et al., 2016; Hu et al., 2017a, 2017b; 
Zhou et al., 2018b), causing these initial fluids flowed through or interacted with 
Proterozoic to Paleozoic multiple geological units, and then forming metal-rich 
fluids. These metal-rich fluids were released into fault-fold tectonic systems and 
were trapped by platform carbonate sequences that are rich in organic matters, 
and some of which contain marine sulfate (parts of them had been reduced by 
bacterial sulfate reduction, BSR). Similarly, the multiple S species-bearing 
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solutions were migrated, released, trapped and mixed with metals-rich fluids at 
the mineralized sites (Fusswinkel et al., 2013; Zhou et al., 2013d; Liu et al., 
2017). Under the coupling of “structures, lithofacies and fluids”, through the 
processes of thermochemical sulfate reduction (TSR), water/rock (W/R) 
interaction and CO2 degassing (carbonate buffer), causing the precipitation of 
hydrothermal minerals and forming the high grade Upper Yangtze-type Pb-Zn 
deposits in the western Yangtze Block (Zhou et al., 2018b). 
 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Table 1 
A brief geological feature of Pb-Zn deposits in the NW Guizhou district, southeastern part of the Upper Yangtze Pb-Zn metallogenic 
province, SW China 
N
o. 
Name Tonnage Ore-hosting 
strata and rocks  
Ore-controlling 
structures 
Ore bodies’ 
shapes 
Occurrences Ore minerals Gangue 
minerals 
Ore grades Textures Structures Wall rock 
alteration 
Referenc
es 
1 YCP >0.3 Mt 
Ag-Pb-Zn 
Late 
Carboniferous 
Huanglong Fm., 
dolostone 
NNE regional 
Yinchangpo-Yu
nluhe fault and 
fold bedding 
plane structures 
Stratiform, 
lentiform 
and veined 
shapes 
Trends NNE, 
SEE-dipping, 
with dip angles 
of 40°-48° 
Galena, sphalerite 
and pyrite, with 
rare native Ag, 
chalcopyrite, 
cinnabarite, 
tetrahedrite, 
bournonite, 
freibergite, 
acanthite and 
polybasite 
Dolomite 
and calcite, 
with rare 
quartz and 
clay 
minerals 
No. I ore body has Pb + 
Zn 9.1 wt. %, Ag 310g/t; 
No. II ore body contains 
Pb + Zn 7.5 wt. %, Ag 
225g/t; No. III ore body 
has Pb + Zn 12 wt. %, Ag 
273g/t; and No. IV ore 
body contains Pb + Zn 8.3 
wt. %, Ag 235g/t. 
Anhedral-euhedral 
granular, enclosed, 
eutectic, replacement, 
recrystallized and 
stress deformation 
textures 
Massive, 
veined, 
disseminated
, fractured, 
and colloidal 
structures 
Dolomization, 
calcilization, 
Fe/Mn 
carbonatization 
and silicification 
Hu, 1999 
2 YLH >0.2 Mt 
Zn-Pb-Ag 
Late Devonian 
Wangchengpo 
Fm., fine- to 
coarse-grained 
dolostone and 
argillaceous 
dolostone 
NNE regional 
Yinchangpo-Yu
nluhe fault and 
its secondary 
pinniform 
faults,  
fracture zones 
and their 
intersection 
parts 
Clintherifo
rm, 
stratiform   
and 
lentiform 
shapes 
Ore body 
trends SE and 
SW, dipping 
25°-50° 
Sphalerite, galena 
and pyrite, with 
rare chalcopyrite  
Dolomite and 
calcite, with 
rare quartz 
and clay 
minerals 
Zn 6.5-35.92 wt. % , Pb 
9.33-10.80 wt. % , Ag 
45.12-372 g/t 
Granular, enclosed, 
eutectic, replacement, 
colloidal, 
metasomatic, and 
stress deformation 
textures 
Massive, 
veined, 
veinlets 
cements 
brecciated 
and 
disseminated 
strucutes 
Dolomization, 
calcilization, 
Fe/Mn 
carbonatization 
and silicification 
Jin et al., 
2016a 
3 MZC >0.3 Mt 
Zn-Pb; 
Oxidized 
and placer 
ores are in 
shallow 
Carboniferous 
carbonate rocks 
and Quaternary 
clay layers 
NEE-trending 
Maozhachang-
Banbanqiao 
fault, and NW- 
and 
NS-trending 
Oxidized 
and placer 
ores occur 
in veined, 
scrotiform, 
lentiform 
No. I ore body 
trends NE 
32°-55°, 
dipping SE 
60°-75°; No. II 
ore body trends 
Oxidized and 
placer ores are 
composed of 
smithsonite, 
cerusite, and 
limonite, with rare 
Dolomite and 
calcite, with 
rare barite 
Oxidized No. I ore body 
has mean Pb 0.77 wt. %, 
Zn 6.27 wt. %; and No. II 
ore body has mean Pb 0.83 
wt. %, Zn 9.18 wt. %. 
Sulfide ore, averaging Pb 
Sulfide ore has 
granular, eutectic, and 
stress deformation 
textures 
Oxidized 
and placer 
ores have 
earthy, 
crusty, 
aciniform 
Dolomization, 
calcilization, 
Fe/Mn 
carbonatization 
and baratization 
Jin, 2008 
  
part, and 
newly-disc
overed 
sulfide ore 
is in deep 
part 
tectonic 
intersection 
parts 
and planar, 
shapes; 
Sulfide ore 
occurs in 
stratiform 
and 
lentiform 
shapes 
NE65°, dipping 
SE 62° 
anglesite and 
hemimorphite; 
Sulfide ore consists 
mainly of 
sphalerite, galena 
and pyrite 
0.63-1.23 wt. %, Zn 
11.69-12.71 wt. % 
and faviform 
structures; 
sulfide ore 
has massive, 
veined and 
disseminated 
structures 
4 TQ >0.38 Mt 
Zn-Pb 
Late 
Carboniferous 
Huanglong Fm., 
and early 
Carboniferous 
Baizuo Fm., 
dolostone 
NW-trending 
Tianqiao-Liang
yan fault, 
Tiqiao 
anticline, 
NE-trending 
Maozhachang-
Tianqiao fault 
Stratiform, 
clintherifor
m, 
lentiform 
and 
scrotiform 
shapes 
Trends SWW 
(250°-270°) 
along the 
formation 
strike, dipping 
15°-30° 
Sphalerite, galena 
and pyrite, with 
rare chalcopyrite 
Dolomite and 
calcite, with 
rare quartz, 
barite, 
fluorite and 
clay minerals 
No. II1 ore body Pb 1.23 
wt. %, Zn 5.60 wt. %; No. 
III6 ore body Pb 5.51 
wt. %, Zn 15.00 wt. %; 
and No.III7 ore body Pb 
3.60 wt. %, Zn 6.52 wt.% 
Granular, filled, 
enclosed, 
replacement, eutectic, 
and stress deformation 
textures 
Massive, 
banded, 
veined and 
disseminated 
structures 
Dolomization, 
calcilization, 
Fe-Mn 
carbonatization, 
baratization, 
silicification and 
fluoritization 
Zhou et 
al., 
2013a, 
2014a 
5 BBQ >0.2 Mt 
Zn-Pb 
Early 
carboniferous 
Shangsi Fm., 
carbonate rocks 
NEE-trending 
Maozhachang-
Banbanqiao 
fault, 
NW-trending 
reverse fault 
and 
NNE-trending 
Banbanqiao 
anticline 
Stratiform, 
lentiform 
and veined 
shapes 
Trends NNW 
(330°-360°) 
along the 
formation 
strike, dipping 
3°-10° 
Mainly sphalerite, 
galena and pyrite 
Mainly 
dolomite,  
calcite and 
quartz 
Pb 0.26 -10.32 wt. % and 
Zn 0.81-28.8 wt.% 
Anhedral to euhedral 
granular, 
metasomatic, filled, 
enclosed and stress 
deformation textures 
Massive, 
disseminated
, cement 
breccia 
veined and 
banded 
structures 
Dolomization, 
calcilization, 
Fe-Mn 
carbonatization 
and silicification 
Zhou et 
al., 
2014a; Li 
et al., 
2015 
6 MD >0.2 Mt 
Zn-Pb 
Middle Permian 
Qixia-Maokou 
Fm., and 
middle-late 
Devonian 
carbonate rocks 
NW-trending 
Tianqiao-Liang
yan fault and 
Mangdong-Sha
ojiwan thrust 
nappe structure 
Stratiform, 
lentiform 
and steeply 
dipping 
veined 
shapes 
NW-trending 
along 
Yunluhe-Liang
yan fault, 
dipping SE 
45°-65° 
Mainly sphalerite, 
galena and pyrite 
Mainly 
dolomite and 
calcite 
Pb 0.5-10.1 wt. % (mean 
4.25 wt. %) and Zn 
1.09-25.72 wt. % (mean 
10.86 wt. %) 
Granular, filled, 
enclosed, metasomatic 
and eutectic textures 
Massive, 
cement 
breccia 
veined and 
disseminated 
structures 
Dolomization, 
calcilization, and 
Fe-Mn 
carbonatization 
Xiang et 
al., 2015 
7 SJW >0.3 Mt 
Zn-Pb 
Middle Permian 
Qixia-Maokou 
Fm., and 
middle-late 
Devonian 
NW-trending 
Tianqiao-Liang
yan fault and 
Mangdong-Sha
ojiwan thrust 
Stratiform, 
lentiform 
and steeply 
dipping 
veined 
Trends 
285°-290°, 
dipping SE 
50°-70° 
Mainly sphalerite, 
galena and pyrite 
Dolomite and 
calcite, with 
rare quartz 
and clay 
Pb 0.71-10.6 wt. %, 
average 3.37 wt. %; Zn 
2.09-30.3 wt. %, mean 
11.7 wt. %; Ag 6.6-70.5g/t 
Granular, fractured, 
filled, enclosed, 
metasomatic and 
eutectic textures 
Massive, 
banded, 
disseminated 
and veined 
Dolomization, 
calcilization, 
Fe-Mn 
carbonatization 
Zhou et 
al., 2013b 
  
carbonate rocks nappe structure shapes minerals structures and silicification 
8 LY >0.2 Mt 
Zn-Pb 
Late 
Carboniferous 
carbonate rocks 
NW-trending 
Tianqiao-Liang
yan fault 
Stratiform, 
lentiform 
and veined 
shapes 
Strikes NW, 
dipping SE 
45°-60° 
Mainly galena, 
sphalerite and 
pyrite 
Dolomite and 
calcite, with 
rare barite 
and quartz 
Pb 1.39-7.89 wt. % and Zn 
2.02-18.07 wt. % 
Granular, filled, 
enclosed, colloidal, 
metasomatic and 
eutectic textures 
Massive, 
disseminated 
and breccia 
cemented 
fine vein 
structures 
Dolomization, 
calcilization, 
baratization and 
silicification 
Jin, 2008 
9 QS >0.3 Mt 
Zn-Pb 
Late 
Carboniferous 
Maping Fm., 
carbonate rocks 
NW-trending 
Qingshan-Shan
shulin fault 
Irregular 
scrotiform, 
lentiform 
and veined 
shapes 
Strikes 
NE-SW, 
dipping SE 
50°-75° 
Galena, sphalerite 
and pyrite, with 
rare chalcopyrite 
and arsenopyrite 
Dolomite and 
calcite, with 
rare barite, 
quartz and 
fluorite 
No. I ore body, Pb 9.92 
wt. %, Zn 37.58 wt. %; 
No. II ore body, Pb 3.76 
wt. %, Zn 34.96 wt. %; 
and No. III ore body, Pb 
9.22 wt. %, Zn 35.10 
wt. % 
Subhedral-euhedral 
granular, enclosed, 
metasomatic and 
eutectic textures 
Massive, 
veined, net 
vein, 
banded, and 
disseminated 
structures 
Dolomization, 
calcilization, 
baratization, 
fluoritization, 
silicification and 
chloritization 
Zhou et 
al., 2013c 
10 SSL >0.4 Mt 
Zn-Pb 
Late 
Carboniferous 
Huanglong Fm., 
carbonate rocks 
NW-trending 
Qingshan-Shan
shulin fault, 
and 
Guanyinshan 
anticline 
Stratiform,
veined, 
lentiform 
and 
scrotiform 
shapes 
Strikes SE, 
dipping 
55°-75° 
Galena, sphalerite 
and pyrite, with 
rare chalcopyrite 
and arsenopyrite 
Dolomite and 
calcite, with 
rare barite 
and quartz 
No. IV ore body, Pb 
0.24-7.94 wt. % (av. 3.64 
wt. %), and Zn 1.09-26.64 
wt. % (av. 14.98 wt. %) 
Anhedral-euhedral 
granular, filled, 
enclosed, 
metasomatic, eutectic 
and replacement 
textures 
Massive, 
fine-veined, 
disseminated 
and banded 
structures 
Dolomization, 
calcilization, 
baratization, and 
silicification 
Zhou et 
al., 2014b 
11 NYZ >1.5 Mt 
Zn-Pb 
Early 
Cambrian- late 
Ediacaran 
carbonate rocks 
NE-regional 
fault and 
Wuzhishan 
anticline 
Stratiform, 
lentiform, 
and steeply 
dipping 
veined 
shapes 
Strikes NE and 
dip SE with a 
dipping angle 
of 8°-20° 
Mainly sphalerite, 
secondary galena 
and pyrite 
Dolomite and 
calcite, with 
rare quartz 
and barite 
No. II 0.5-6.63 wt. % (av. 
4.03 wt. %) Zn and 
0.04-4.05 wt. % (av. 0.45 
wt. %) Pb 
Granular, filled, 
enclosed, fragmented 
and replacement 
textures 
Massive, 
veined, and 
disseminated 
structures 
Dolomization, 
calcilization, 
baratization, and 
silicification 
Jin et al., 
2015, 
2016b; 
Chen et 
al., 2017; 
Zhou et 
al., 2018a 
12 GZY >0.2 Mt 
Zn-Pb 
Early 
Carboniferous-
middle 
Devonian 
carbonate rocks 
NNE- and 
NE-trending 
regional fault, 
and fracture 
zones 
Stratiform, 
lentiform, 
veined, and 
scrotiform 
shapes 
Trends along 
the formation 
strike 
Sphalerite, and 
galena, with rare 
pyrite and 
chalcopyrite 
Dolomite and 
calcite, with 
rare siderite, 
quartz, barite 
and fluorite 
Pb 0.56-6.69 wt. % and Zn 
1.01-14.35 wt. % 
Granular, enclosed, 
metasomatic and 
eutectic textures 
Massive, 
banded, 
veined and 
disseminated 
structures 
Dolomization, 
calcilization, 
Fe-carbonatizatio
n, baratization, 
silicification and 
fluoritization 
Zeng et 
al., 2017 
Note: see Figs. 3-19. 
  
Table 2 
A comparison between typical MVT deposits and Pb-Zn deposits in the Upper Yangtze 
metallogenic province, SW China 
Characteristics MVT deposits Pb-Zn deposits in the Upper Yangtze province 
Grades 
Pb + Zn: av. <10 wt. %,  
Zn/(Zn + Pb): 0.8± 
Pb + Zn: av. 10-35 wt. %,  
Zn/(Zn + Pb): 0.9± 
Tonnages 
Pb + Zn metal reserves: single ore 
body < 1 Mt 
Pb + Zn metal reserves: single ore body 
0.1-1.5 Mt 
Acreages Hundreds of square kilometers 
This province covers ~0.2×106 square 
kilometers 
Host rocks 
Cambrian to Carboniferous 
carbonate rocks 
Proterozoic to middle Permian carbonate 
rocks 
Depths of 
mineralization 
<1500 m >400-2000 m 
Tectonic settings 
Typically located within extensional 
zones inboard of orogenic belts 
Typically places within compressional zones 
of passive margins 
Relation with 
magmatic activity 
Generally have the absence of 
temporally or spatially association 
with igneous activities 
Spatially and genetically association with the 
ELIP 
Ore-controlled 
factors 
Mainly controlled by open structure 
and lithology 
Controlled by reverse fault-anticline tectonic 
systems and lithology 
Ages From Proterozoic to Cretaceous 250-200-(156) Ma 
Ore textures and 
structures 
Exhibiting disseminated, fine 
granular, branched, colloidal and 
massive structures and colloidal, 
skeleton coarse-crystalline textures 
Mainly exhibiting massive structures, and 
fine-, medium- and coarse-grained textures 
Mineral 
compositions 
Sphalerite, galena, pyrite, barite, 
fluorite, dolomite and calcite. 
Sphalerite, galena, pyrite, chalcopyrite, 
dolomite and calcite 
Fluid inclusions 
10-30 wt. % NaCl equiv.; 
Cl−-Na+-Ca2+-K+-Mg2+; 
50-200 °C 
<20 wt. % NaCl equiv.; 
Cl−-Na+-Ca2+-Mg2+-SO4
2−;  
<300 °C 
Associated metals Ag Ag, Cu, Ge, Ga, Cd and In 
C-O isotopes Sourced from carbonate rocks 
Mainly generated by W/R interaction 
between mantle/metamorphic fluids and 
carbonate rocks 
S isotopes 
+10-+25‰, sourced from seawater 
sulfate 
-18-+25‰, sourced from multiple S 
reservoirs 
Zn isotopes -1.33-+0.46‰, unknown 
-0.26-+0.71‰, mainly sourced from 
mantle-derived rocks of the ELIP, and minor 
from sediments and basements 
Pb isotopes 
Complicated Pb isotopic ratios and 
regional zonation, soured from 
basements and sediments 
Normal and uniform Pb isotopes, sourced 
from basements and sediments, with variable 
contributions from ELIP rocks 
Sr isotopes 
Imply that the fluids were derived 
from, flowed through or interacted 
with multiple reservoirs 
Imply that the fluids were derived from, 
flowed through or interacted with multiple 
reservoirs 
Precipitation of 
sulfide 
Reduced S, local sulfate reduction, 
or metal and reduced S-mixing 
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Highlights 
Pb-Zn deposits in SW China define the giant Upper Yangtze Pb-Zn 
metallogenic province 
 
These deposits have high ore grades and medium-low T and salinities, and 
were association with igneous activities. 
 
The fluids were derived from, flowed through or interacted with multiple rocks, 
and both Zn and Cu were mainly sourced from ELIP rocks. 
 
Deposits of the Upper Yangtze Pb-Zn province formed in a compressional zone 
of a passive margin and is different from typical MVT deposits. 
 
